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ABSTRACT OF THESIS

COULD WINTER ANNUAL CROP CHOICE INCREASE NO-TILL DOUBLE-CROP SOYBEAN
YIELD IN KENTUCKY?

Double-cropping soybean (Glycine max L.) after a winter annual crop is common
in Kentucky. The preceding winter annual crop may affect double-crop soybean yield in
Kentucky. Producers and agronomists have reported greater double-crop soybean yields
when preceded by winter canola (Brassica napus L.) rather than winter wheat (Triticum
aestivum L.). Explanations for these yield differences remain unresolved. The objectives
of this study are to: (1) evaluate double-crop soybean productivity in field environments
following four winter annual crop treatments; (2) determine differences of early
soybean growth in greenhouse (GH) and cold chamber (CC) environments; and (3)
characterize soybean cultivar susceptibility to winter annual leachate in a laboratory.
Three winter annuals (canola, barley (Hordeum vulgare L.), wheat) and a non-planted
control (fallow) were established in fall 2014 and 2015 near Princeton, KY. Double-crop
soybean were established in summer 2015 and 2016. Following winter annual harvest,
soil cores were collected for GH and CC experiments. Following winter annual harvest in
2016, stover was collected for laboratory experiments. Results from GH, CC, and
laboratory experiments suggest soybean is sensitive to the preceding crop and winter
annual leachate. However, yield was not sensitive to the preceding crop.
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Chapter 1 Literature Review
History
Soybean was first domesticated around the 11th century BCE in the North East
region of China (primary gene center) where it remained until approximately the first
century AD (Hymowitz, 1970, 1990; Hymowitz and Kaizuma, 1981). From this point until
around the 16th century soybean was transported along trade routes such as the silk
road as well as by tribal migration (Hymowitz, 1990). From the primary gene center,
soybean was introduced west to Nepal and northern India, south to Malaysia and the
Philippines, and east to Japan (secondary gene center) (Hymowitz, 1990; Hymowitz and
Kaizuma, 1981). During this period (prior to the Han dynasty), soybean, as well as wheat,
was considered an inferior food (Shurtleff et al., 2014). The introduction of the handturned stone mill (near the beginning of the Han dynasty) allowed for soybeans to be
ground, creating soymilk, tofu, and yuba (bean curd) (Shurtleff et al., 2014).
Although the soybean and its numerous products were largely confined to the
primary and secondary gene centers, European interest was commencing during the
late 16th century. Travelers began to make note of the soybean or soy products in their
diaries and travel logs (Hymowitz, 1990). In 1597 Francesco Carletti, a visitor to Japan
made mention in his memoirs of shiro (soy sauce) (Hymowitz, 1990). Friar Domingo
Fernández Navarrete in 1665 made note of, a “cheap sort of food all China abounds
in…” (Shurtleff et al., 2014). By the 17th century European trade in soy sauce was under
way, and even mentioned alongside mango by John Locke in 1679 (Hymowitz, 1990). By
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1744, advertisements for “Chinese Soy” were printed in the Daily Adviser (London)
(Shurtleff et al., 2014).
Soybeans were introduced to the United Stated in 1765 via Samuel Bowen
(Hymowitz and Harlan, 1983), an intrepid traveler whose movements through China
were documented through ship logs and court rulings. In the spring of 1765 Mr. Bowen
commissioned Henry Yonge to plant the beans just outside of Savannah, Georgia at
Thunderbolt (Hymowitz and Harlan, 1983). Two years after the initial planting in
Georgia, Samuel Bowen was awarded a patent for a novel method of making soy sauce
that was “equal in goodness to those made in the East Indies.” (Woodcraft, 1854).
Kentucky rotational crops
The first mention of the importance of crop rotation or green manuring is
difficult to determine, but was likely during the Han dynasty (Pieters, 1927). However,
the value of fertilizing with grass or weeds was exploited as early as the Chou dynasty
(1134-247 B.C.) (Pieters, 1927).
A typical crop rotation in Kentucky is corn, winter wheat, and then immediately
followed by double-crop soybean. This allows for three harvests in two years, often
resulting in increased profitability when compared with systems under a corn and fullseason soybean rotation. These three crops, are the most extensively produced of all
commodity crops in Kentucky. Corn, which ranks as the top grain crop produced, total
area has risen slightly over the years, from 459,697 ha harvested in 1997 to 619,246
harvested ha in 2012 (USDA-NASS, 2012). Soybean is also heavily produced in the state.
2

In 1997 517,524 ha were harvested, with a slight increase in 2012 at 594,233 ha
harvested despite a decline in 2007 when only 439,908 ha were harvested (USDA-NASS,
2012). Winter wheat, although not covering near the acreage as corn and soybean, is
heavily produced. Acreage harvest in 2012, 2007 and 2002 lack a clear trend with,
189,490, 96,828 and 129,036 ha harvested respectively (USDA-NASS, 2012). The lack of
a trend may be due to the producer’s inability to harvest corn in a timely manner to
allow for planting of winter wheat.
Wheat stover remains on the surface of the field in no-till production, often
persisting until harvest of double-crop soybean. The effects of the stover was found to
significantly reduce the presence of Heterodera glycines ichinohe, soybean cyst
nematode (SCN) (Hershman and Bachi, 1995). It has been observed to result in reduced
double-crop soybean yield in certain years when soybeans follow winter wheat,
especially in no-till systems. This is believed to be due to allelopathy, a biological
phenomenon by which an organism produces one or more biochemicals that influence
the growth, survival, and reproduction of other organisms (Yaseen and Hussain, 2014b).
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Allelopathy
As a concept, allelopathy has been observed and documented for over 2000
years. Theophrastus, an immediate disciple of Aristotle and often referred to as the
“father of botany”, has been credited with being the first to observe and describe the
inhibitory effect that one crop may have on another crop (Grene and Depew, 2004; Rice,
2012). This idea was further refined by the Swiss botanist, A. P. de Candolle, who
described ‘soil sickness’ in 1832. “Soil Sickness is something more specific, it acts in
corrupting the soil, and as we have indicated in discussing root excretion . . . , in
incorporating a dangerous substance” (qtd. In Willis 1985). De Candolle’s description
calls to attention the addition of a substance to the soil, rather than the “removal or
diminution of a commodity”, which would then denote competition for common
resources (Willis, 1985). De Candolle pointed to specific plants being harmful to the soil.
He notes that euphorbia and corn poppy “exude from their roots substances which alter
the quality of the soil” (qtd. In Willis 1985).
The term allelopathy was first mentioned in German as allelopathie in 1937 by
Hans Molisch; according to Willis (2007) was intended to mean the effect of one plant
on another. Over the years, definitions of allelopathy have not been consistent (Mallik,
2005).
Allelopathy may be broadly defined as “any direct or indirect harmful or
beneficial effect by one plant (including microorganisms) on another through
production of chemical compounds that escape into the environment” (Rice, 2012).
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Willis however, objects to this broad of a definition by pointing out that an oil spill could
thus be a “far-fetched” example of allelopathy (Willis, 2007). Inderjit and Dakshini
(1994) studied algae and determined that allelopathy could operate in the following
four ways: (1) Chemicals from one plant affecting the growth of another, (2) chemicals
secreted inhibiting their own growth, (3) toxins influencing the growth of other
microorganisms, and (4) toxins affecting the growth of higher plants (Inderjit and
Dakshini, 1994). Their decision to include the terms ‘affecting’ and ‘influencing’
encompasses a broader range of phenomena because they do not directly denote a
stimulatory or inhibitory affect or influence. Ferguson offers, perhaps, a more ecological
definition of “the beneficial or harmful effects of one plant on another plant, both crop
and weed species, from the release of biochemical, known as allelochemicals, from
plant parts leaching, root exudation, volatilization, stover decomposition, and other
process in both natural and agricultural systems” (Ferguson et al., 2003).
Others, however, offer a more narrow definition “the suppression of neighboring
plant growth by the release of toxic compounds” (Fitter, 2003). Or, “the chemical
suppression of competing plant species . . .” (Vivanco et al., 2004). “. . . the negative
effect of one plant on another one through the release of chemical compounds into the
environment. . .” (Hierro and Callaway, 2003). And “. . . the negative effect of chemicals
released by one plant species on the growth or reproduction of another” (Inderjit and
Callaway, 2003).

5

These conflicting definitions have resulted in much debate. Because a
considerable amount of the literature has focused on the inhibitory aspects of
allelopathy while overlooking the stimulatory components, allelopathy is commonly
accepted as solely inhibitory and often referred to as “chemical warfare” (Willis, 2007).
Alastair Fitter (2003) describes spotted knapweed (Centaurea maculosa) as possessing
“phytochemical weapons for a successful invader.”
Defining allelopathy has become somewhat enigmatic because the Greek
“allelon” which means ‘mutual’ or ‘among each other’ is combined with “pathos” which
can mean either ‘suffering’ or ‘feeling’. Willis (2007) argues that Molisch intended
‘feeling’ as the meaning for pathos, stating that suffering as the sole meaning is wrong.
Willis (2007) suggests that Molisch would have actually preferred the term to be
‘allopathy’, where allo means ‘other’, but was unable to do so as this term was already
in use by the medical science field. His second choice, allelopathy was adopted. Because
allelon often suggests that interactions are reciprocal, and is coupled with the suffix –
pathy, which often infers harmful, has caused much confusion (Willis, 2007). “Molisch
stated . . . that he meant the meaning to cover both inhibitory and stimulatory
interactions through chemical substances” (qtd. In Willis 2007).
Many substances inhibitory to plant growth and development may prove
stimulatory at differing concentrations, and the converse is also true (Willis, 2007). The
idea that Willis is referring to dates back to the early 16th century. Paracelsus, states “All
things are poison and are not poison; only the dose makes a thing not a poison” (qtd. In
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Duke et al. 2006). The dual or biphasic responses, depending on the concentration, is
sometimes referred to as hormesis (Duke et al., 2006). It is almost universally observed
that the characteristic response of an organism to an allelochemical may be stimulatory
at low concentrations, and inhibitory as concentrations increase (An et al., 1993).
The International Allelopathy Foundation operates under the definition of “any
process involving secondary metabolites produced by plants, microorganisms, viruses
and fungi that influence the growth and development of Agricultural and Biological
Systems.” It is important to note that this definitive definition includes the carefully
chosen word, influence, which does not solely imply harmful nor beneficial. However,
because the connotation for allelopathy greatly focuses on the inhibitory component,
this study will adopt the more narrow, inhibitory definition.
Allelopathic behavior has been well documented in a wide range of plants and
bacteria. Three species of Cyanobacteria (Thalassiosira weissflogii, Rhodomonas sp. and
Prymnesium parvum) were shown to inhibit growth of phytoplankton (Suikkanen et al.,
2004). Canola (Brassica napus (L.) cv. Hyola 401) grown in increased concentrations of
ascorbic acid was shown to decrease germination of two cultivars of soybean [Glycine
max (L.) Merr. cv. ‘DPX’ and ‘Sepideh’] (Niakan and Mazandrani, 2009). Cold aqueous
extracts of rotted wheat stover were shown to inhibit the growth of wheat and oats
when grown in an aseptic environment (Kimber, 1967). Wheat stover leachate also
inhibited rice when grown in pots (Yaseen and Hussain, 2014a). Wheat stover was also
shown to inhibit dry weight accumulation of soybean when incorporated into the soil of
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pots grown in a greenhouse environment (Herrin et al., 1986). Aqueous extracts from
wheat leaves, stems, and shoots were shown to reduce radicle length of wheat and
barley seeds (Oueslati, 2003). The allelopathic potential of wheat (Triticum aestivum)
has also been reported to have possible weed management implications (Wu et al.,
2001).
Laboratory studies have shown that both the roots and the shoots of wheat
contain differential amounts of allelochemicals, where the roots normally contain levels
greater than levels in the shoots (Wu et al., 2000a). Wu et al. (2000a) were unable to
conclude if the increased concentration of allelochemicals in the roots was due to direct
biosynthesis in the roots or from the translocation from the shoots to the roots (Wu et
al., 2000a). It has also been documented that there are differences in the amount of
allelochemicals in different accessions and cultivars of wheat (Wu et al., 2000a; Wu et
al., 2000b). Wheat roots were shown to directly exude allelopathic compounds into
agar growth media, although the amount exuded was not proportional to the
concentration of the allelochemicals found within the roots (Wu et al., 2000a).
Hairston et al. (1987) found that when soybeans were germinated in the
presence of wheat stover leachate in petri dishes, radicle length and weight were
significantly affected while germination was not. They used two concentrations of
leachate to simulate a 20-mm and 4-mm rainfall that would have occurred within a 24
hour period. These solutions resulted in 20 g L-1 and 100 g L-1 respectively. After two
days both solutions had radicle growth lesser that of the control. Interestingly, after four
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days the 20 g L-1 leachate solution had stimulated radicle growth beyond that of the
control while the 100 g L-1 remained below the control until seven days. Radicle weight
was still reduced beyond seven days for the 100 g L-1 leachate solution. These findings
suggest that a period of increased toxicity exists. Their conclusion, of toxicity and
stimulation at differing concentrations is consistent with Willis (2007), An et al. (1993)
and Duke et al. (2006).
The numerous allelopathic compounds fall into three main categories including,
phenolic acids, hydroxamic acids and short-chain fatty acids (Wu et al., 2001). These,
and more allelopathic compounds, are known to be passively leached from
decomposing plant material as well as actively released (Purvis, 1990). The presence of
allelochemicals in plant tissue does not directly imply that plants actually exude them
into the soil under natural conditions (Wu et al., 2000a) or that they are present in
concentrations great enough to cause an affect. The same authors also report that for
allelopathy to occur (in the field) the chemicals must not only be produced in the plant,
but also be released by the plant into its surroundings.
Caviness et al. (1986) notes that a change in production practices, with a focus
on reducing soil and water erosion, has led to the previous crop stover remaining on the
soil surface. Prior to this, small grain stover was often burned (Caviness et al., 1986;
Hairston et al., 1987). In addition to reduced soil and water erosion, crop stover
positively affects soil organic matter (OM) (Brye et al., 2006). However, decomposing
wheat stover has been shown to have a degree of autotoxicity, resulting in reduced root
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and shoot development of wheat and oat in aseptic environments (Kimber, 1967) and
field studies (Purvis, 1990).
Willis notes that the study of allelopathy contains methodological problems,
namely that of distinguishing the effects from that of competition (Willis, 1985). R. J.
Willis (1984) provides six points to establish that allelopathy is operative and further
suggests that it only shows that allelopathy is only the most reasonable explanation: (1)
a pattern of inhibition of one plant by another must be established; (2) the aggressor
plant must produce a toxin; (3) the toxin must be released into the environment; (4) the
toxin must be transported and/or accumulated in the environment; (5) the affected
plant must be able to uptake the toxin; and (6) the pattern of inhibition cannot be
explained by physical or environmental factors. The complexity of plant-plant
interactions is further shown by Romeo and Weidenhamer (1998).
No area of plant science has provoked as much controversy as the study of
allelopathy (Romeo and Weidenhamer, 1998). They caution that much of the literature
fails to consider the need to test for allelochemical activity at concentrations that occur
in nature. In response to this they offer five considerations for conducting ecologically
meaningful bioassays: (1) What is the transport mechanism? Root exudates,
precipitation?; (2) What is the mechanism(s) of inhibition? Do the allelochemicals inhibit
or delay germination, disrupt nutrient uptake?; (3) Are there density-dependent effects
in the greenhouse and the field? Phytotoxicity will diminish as the plant population
increases;. (4) How do environmental factors affect allelopathy? Often chemicals that
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show no toxicity at a given concentration in a laboratory may be highly toxic when
coupled with stressful field conditions such as drought; and (5) How might the
environment or microbial activity transform the allelochemicals into a less toxic
compound?
Laboratory studies
Aqueous extracts of wheat and oat stover, sweetclover hay, corn and sorghum stalks,
bromegrass and sweet clover stem have all been shown to possess water soluble
substances that inhibit the germination of sorghum, corn, and wheat (Guenzi and
McCalla, 1962). Guenzi and McCalla (1962) collected standing stover of wheat, oat,
soybean and sweetclover hay, corn and sorghum stalks, bromegrass and sweetclover
stems from the field, air dried them at 22o to 27oC, and ground them to fit through a 40mesh screen. One part stover was added to fifteen parts deionized water by weight (1 g
stover : 15 g H2O) and shaken intermittently for four hours at 25°C and 100°C. Each
extraction was separated into two portions, one was autoclaved while the other was
not. Corn, wheat, and sorghum seeds were soaked in the resulting four extracts for six
hours. These seeds were then placed between germination papers moistened with six
mL of extract in petri dishes. Seeds were allowed to incubate for 72 hours at 25 oC at
which point germination percentage was determined and root and shoot length were
measured.
Guenzi and McCalla (1962) found that all stover contained water-soluble
substances that decreased growth of corn, wheat, and sorghum seedlings. Cold water
11

extract (25oC) was shown to be more toxic than hot water extract (100oC). Autoclaving
the extract was shown to increase germination and shoot growth. Conversely, this
treatment resulted in generally less root growth. They determined that extracted watersoluble substances were slightly heat labile. After three days in the presence of
leachate, non-autoclaved cold water extracts from wheat resulted in a 23% reduction in
corn seed germination, while non-autoclaved hot water extracts resulted in a 3%
reduction of corn seed germination. Corn root growth was reduced by 45% with the
non-autoclaved cold water extracts and reduced 23% with non-autoclaved hot water
extraction. From their studies they concluded that common crop stover contain watersoluble substances that decreased seed germination, and root and shoot growth. They
also noted that the extent to which crops were affected varried greatly in field settings
due to differing field conditions, environmental conditions, and stover management.
In another study Hairston et al. (1987) extracted leachate from wheat stover that
was collected at physiological maturity. Fifteen mm wheat stover lengths were added to
deionized water at rates of 100, 20, and 2 g L-1 and agitated in an end-over-end shaker.
They chose these concentrations because they would approximate concentrations
under field conditions. They stated that, a 10-mm rainfall over 24 hours with a stover
yield of 4000 kg ha -1 would result in approximately 40 g L-1; while a 20-mm rainfall
would result in a ratio of 20 g L-1 (Hairston et al., 1987).
Seed germination and radicle growth were examined under three treatments (20
g L-1, 100 g L-1, and deionized water) in petri dishes. They performed 10 replications,

12

with each having 10 seeds per petri dish. All petri dishes were placed in an incubator
maintained at 25oC. Germination was recorded on day 2, 3, 4, 6, and 7, at which point
the experiment was terminated. At this time radicles were removed and weighed.
They found that germination was unaffected by wheat leachate at any
concentration. They reported that radicle length and weight were significantly affected
by the leachate. After two days past germination, both the 20 g L-1 and the 100 g L-1
treatments resulted in a reduction of radicle elongation relative to the control. They
noticed that after 4 days the 20 g L-1 solution had stimulated radicle elongation beyond
that of the control while the 100 g L-1 solution remained inhibitory.
Oueslati (2003) sampled two durum wheat (Triticum durum L.) varieties (‘Karim’
and ‘Om rabii’) by pulling them out of the field at the stage of grain development. The
plants were divided into three component parts: roots, leaves, and stems. All plant parts
were chopped into 1 cm long pieces and dried at 50oC for 24 hours. Each component
part was subjected to an aqueous extraction by adding 5 g fresh weight per 100 ml of
distilled water and agitated for 24 hours and then strained through cheese cloth. The
resulting solution was then further diluted by adding one part extract to four parts
distilled water. A growth medium (1.2% agar) was produced with the addition of the
extract. A 1.2% water-agar was included as the control. The phytotoxicity was tested on
wheat (cultivar Ariana) and barley (cultivar Manel). Twenty five seeds were placed in
each petri dish containing 15 ml of agar. All petri dishes were placed in the dark at 25oC.
Germination and radicle length were measured after three days. Germination was
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denoted by the radicle breaking through the seed coat. They found that leaf extract
from both varieties of wheat was more inhibitory to radicle length than root or stem
extract for all species and varieties of seeds tested. Leaf extract from wheat ‘Karim’ was
found to reduce barley ‘Manel’ radicle length from 4.84 cm when grown in water-agar
to 2.79 cm when grown in the presence of leaf extract. Wheat ‘Karim’ leaf extract also
reduced radicle length of wheat ‘Ariana’ from 5.33 cm when grown in water-agar to
1.88 cm when grown in the presence of leaf extract. Leaf extract from wheat ‘Om rabii’
was found to reduce barley ‘Manel’ radicle length from 5.20 cm when grown in wateragar to 1.76 cm when grown in the presence of leaf extract. A reduction from 5.63 cm
when grown in water-agar to 1.21 cm when grown in the presence of leaf extract.
Stem extract from wheat ‘Karim’ was not found to significantly reduce radicle
length in either of the barley or wheat varieties tested. Stem extract from wheat ‘Om
rabii’ did however, significantly reduce radicle length. When grown in water-agar barley
‘Manel’ produced radicles of 5.20 cm and when grown in the presence of stem extract
only produced radicles 3.13 cm long. Radicle length of wheat ‘Om rabii’ was 5.63 cm
when grown in water-agar, while only 3.45 cm long when grown in the presence of stem
extract.
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Greenhouse studies
Bhowmik and Doll (1982) investigated the effect of annual weed stover
(common lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus
retroflexus L), common ragweed (Ambrosia sp.), and velvetleaf (Abutilon theophrasti) on
corn and soybean growth under greenhouse conditions. Three studies were initiated
with the following general procedures. Weed stover were dried at 70°C for 24 hours,
then ground in a Wiley mill to pass through a 1.27 mm2 screen prior to being
incorporated into the growth media at 1% (w/w). Eight seeds were planted 2.5 cm deep
in 11.5 by 14.0 cm plastic pots.
The first study investigated the effects of incorporating differing rates of weed
stover (0, 0.25, 0.50, 0.75 and 1.0% by weight) into a silica sand media. Eight corn and
eight soybean seeds were planted and surface watered with Hoagland’s solution. Height
and fresh weight of root and shoots were recorded 28 days after planting. The second
study examined divergent weed species stover. This study used a double-pot watering
method by producing plants in the smaller pots, which was then placed into larger pots
filled with Hoagland’s solution. In addition to the double-pot watering method, surface
watering was also employed. Heights and fresh weights of roots and shoots were
collected at 21 and 28 days after planting. The third study investigated the potential
effects of soil texture as well as methods of watering. Three soil textures were
investigated, with the incorporation of weed stover: silica sand; silt loam (Typic
Agriudoll fine, silty, mixed, mesic); and a 50:50 composite sample of silica sand and silt
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loam. Methods of watering included surface watering, double-pot watering, and
subsurface watering with the aid of an absorbent capmat. Plant height and fresh weight
of shoots and roots were recorded 28 days after planting.
Soybean height and length of the first internode were found to be negatively
correlated with the amount of weed stover. Shoot and root fresh weight were also
negatively correlated with the amount of incorporated weed stover. All weed stover
from the double-pot watering method were shown to inhibit the root and shoot growth
of soybean. Interestingly, only redroot pigweed and common lambsquarters stover
reduced soybean height with surface watering. Overall, soybean growth reduction was
greater, regardless of the stover, when double-pot watering was implemented.
Bhowmik and Doll (1982) attributed this to the production of an anaerobic environment,
which is known to increase the phytotoxicity of decomposing plant material. Soil texture
was found to have a significant impact on the reduction of soybean growth. The
reduction of plant growth was greatest when grown in silica sand, intermediate when
grown in a mixture of sand and soil, and least when grown in soil alone. The authors
attribute this phenomenon to the possibility that allelopathic compounds may bind to
soil particles and become unavailable to the susceptible plants. Aqueous extracts from
common weeds contain allelopathic compounds that are detrimental to the growth of
soybean and that these effects were strengthened when plants were produced with
double-pot watering.
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Rose et al. (1984) conducted a series of greenhouse experiments to determine
the potential for soybean allelopathy and competitive ability against common weeds
(velvetleaf (Abutilon theophrasti) and foxtail millet (Setaria italica L)). Direct
competition, soybean leachates, soybean dry matter incorporation, and soybean plant
extracts were each investigated. General procedures for these trials included growing
plants in polyethylene pots with approximately 500 g of a 3:1 (v/v) composite of
Sharpsburg silty clay (deep, moderately well drained) and washed sand.
To determine plant competitive ability against weeds, six soybean seeds were
planted in the center of a pot with twenty weed seeds planted in circle around them. At
the end of the first week soybeans were thinned to three, and weeds thinned to six
plants per pot. At four weeks weeds were harvested and dry weights determined. The
dry weight of velvetleaf and foxtail millet were reduced by up to 52%, while the height
of the weeds remained unaffected (Rose et al., 1984).
Soybean leachate was studied in a two part experiment to determine the effect
of soybean root exudates on the germination and early growth of weeds. The first part
involved planting ten soybean seeds into sand and thinning to four plants per pot. After
7 days the pot with soybean was placed on top of an additional larger pot filled with
sand and planted with weed seeds. Soybean plants were watered as needed to cause
excess leachate from the top pot into the bottom pot. At weekly intervals for three
weeks, half strength Hoagland’s nutrient solution was provided. Soybean root exudates
reduced the dry weight of velvetleaf by 15% on average.
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The second leachate study investigated the effects of soybean plants age. This
was accomplished using the same methods described above, with the adjustment being
the age of soybean (0, 1, or 2 week old plants). It was found that as the age of soybean
increased over that of velvetleaf, the reduction in dry weight accumulation was more
pronounced. When planted at the same time (week 0) velvetleaf dry weight was
reduced by 34%, while the reduction was 51% when the soybean was 2 weeks older
than the velvetleaf plant.
Rose et al. (1984) also examined the incorporation of soybean dry matter into
soil (Sharpsburg silty clay loam) at a rate of one half to one percent by weight. Twenty
weed seeds were planted and allowed to grow for 4 weeks, at which point stand counts
and dry weights were determined. Velvetleaf stand as well as dry matter production
were each reduced by 46%. Foxtail millet stands were reduced by 82% while dry matter
production was reduced 65%.

Field Studies
In 1989, Hicks et al. investigated differential tillage treatments winter wheat
stover and cotton lint yield. Wheat stover was either removed by hand and the field
tilled, left standing, or left standing with the addition of ground mature wheat stover. In
the 1986 study there were no significant differences, and clean tillage resulted in the
highest plant population while planting into wheat stover decreased plant populations.
The treatment which provided additional ground wheat stover had the greatest
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reduction in cotton plant population. Two cotton cultivars (Paymaster 404 and Acala
A246) were used. Final lint production was not affected for Paymaster 404 in any
treatment, but Acala A246 lint production was least in the clean tillage treatment. For
the 1987 study, Paymaster 404 showed no trend in plant populations nor lint
production, while Acala A246 exhibited lower populations when wheat stover remained
standing and when ground wheat stover was added. This treatment also significantly
reduced final lint production. Significant reductions in plant populations occurred when
seeds were in direct contact with wheat stover suggesting phytotoxicity may be partly
the cause of the reduction (Hicks et al., 1989).
Hairston et al. (1987) investigated the effects of wheat stover management on
soybean growth and development under field conditions. Wheat stover management
practices consisted of burning, mowing to 50 mm and removal, incorporation to 0.1 m
by disking twice and finally, standing stover at 0.20 m. Treatments where wheat stover
was either left on the soil surface or incorporated into the soil, early double-crop
soybean growth was stunted when compared to treatments where the stover was
physically removed or the stover was burned. Hairston et al. (1987) noted that where
stover remained on the surface, double-crop soybean also appeared chlorotic. Hairston
et al. (1987) hypothesized that both nitrogen immobilization and phytotoxins offer
reasonable explanations for the stunting and chlorosis.
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No-Till
No-till crop production is often viewed as a relatively recent technique, with
Kentucky often given credit as the origin of commercial no-till production. Rolf Derpsch
(1998) notes that no-tillage and reduced tillage were practiced by ancient indigenous
cultures, including the Egyptians and the Incas, by using a stick to make a hole in
unprepared ground. This practice most certainly was because “man has not the muscle
force to till any significant area of land to a significant depth by hand” (Derpsch, 1998).
Not until John Deere set up a smithy on the Illinois prairie in 1837 and created a novel
method for the affordable production of the moldboard plow was this technology
widely available (Faulkner, 1943). Charles E. Little remarks that “these new plows meant
the opening and plowing up of the vast agricultural heartland of America and beyond—
into what was known as the Great American Desert, a fragile ecosystem that many now
believe should never have been plowed at all” (qtd. In Faulkner, 1943). Nearly 100 years
later, in 1930, tragedy hit. Cooling in the Pacific Ocean coupled with warming in the
Atlantic Ocean resulted in the jet stream moving south of the Rocky Mountains. This
shift led to severe drought in the Great Plains (Schubert et al., 2004). The native prairie
grass of the Great Plains region had been extensively plowed under and planted with
wheat (Seager et al., 2008). When the drought came, wheat lacked appropriate
adaptations for survival and subsequently died, leaving vast areas with bare ground and
leading to devastating dust storms (Worster, 1982). This period of severe drought,
known as the dust bowl, came to be known as one of the worst environmental disasters
in American history (Seager et al., 2008).
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In 1943 the use of the moldboard plow was harshly challenged with Edward H.
Faulkner’s publication Plowman’s Folly. Faulkner boldly asserts that “the truth is that no
one has ever advanced a scientific reason for plowing” (Faulkner, 1943). Faulkner
continues “even the crops growing in the fence rows seem to thrive through droughts as
well as in fine weather” (Faulkner, 1943). Bolstering his case by pointing to the fact that
the ground there was not subjected to plowing and is still productive. By the late 1940’s
plant growth regulators were adopted from use in World War Two and caused reduced
tillage to become a more viable option (Phillips and Phillips, 2012). The commercial
release of Paraquat in 1961 fueled no-till demonstrations (Derpsch, 1998). Harry and
Lawrence Young thus became one of the first farms in the world to apply no-till
agricultural practices on their farm in Herndon, Kentucky (Derpsch, 1998). No-till
production was not without criticism. Shirley Phillips, from the University of Kentucky,
set out to prove that no-till production was not a viable production practice. Upon
conducting trials he was convinced of the potential efficacy and became a worldwide
promoter of no-till agriculture and is often regarded as the father of no-tillage
technology (Derpsch, 1998).
Shirley Phillips worked closely with Harry Young on no-till production and by
1964 was completely convinced that the production of no-till corn was possible
(Coughenour and Chamala, 2007). Less than ten years later, Phillips and Young
published the world’s first book aptly titled “No-Tillage Farming” (Derpsch, 1998).
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J.E. Moody, G. M. Shear, and J. N. Jones (1960) conducted one of the first
investigations of no-till corn production in Blackburg, Virginia to compare the effects of
various tillage treatments for corn production following orchard grass sod. Three of the
eight treatments were: 1. No-till where the sod was killed with atrazine at a rate of 4
pounds per acre; 2. No-till where the sod was killed with black plastic; and 3.
Conventional tillage. Planting into the no-till plots was accomplished by removing soil
cores with a small tube sampler and crumbling the soil on top of the seed. Moody, Shear
and Jones report that the no-till treatments resulted in significantly higher growth rates
at all measuring dates than corn under the conventional tillage treatment. They note
that this increased growth rate resulted in an increase in plant height at silking and
stover yield. The no-till plastic and atrazine treatments resulted in 256 and 267 cm tall
corn plants at silking respectively, while the conventional tillage corn plant height was
210 cm tall. Stover yield was 8,446.7 and 8525.2 kg ha-1 for the plastic and atrazine
treatments while conventional tillage resulted in significantly less stover at
5,266 kg ha-1. They also note that there was no significant difference in plant
populations or leaf nutrient concentrations among the treatments. Soil moisture
content for the no-till treatments at 0-45 cm was found to be greater at all sampling
dates than for the conventional tillage treatments through July 11. After this point low
rainfall resulted in the installation of irrigation. Because water stress occurred during
tassel and silking stages, poor and variable yield was obtained. No-till Atrazine
treatment achieved 5.65 t ha-1 while no-till black plastic achieved 5.01 t ha-1. The
conventional tillage treatment achieved 5.83 t ha-1, however this was not significantly
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different from the no-till treatments. This approach to the production of corn preserves
soil water content due to the retention of dead grass sod acting as a mulch (Moody et
al., 1961).
In 1988 Edwards, Thurlow and Eason investigated the influence on tillage and
crop rotation on yields of corn, soybean and wheat. Tillage treatment consisted of
conventional tillage (moldboard plowing followed by disking), strip tillage, and no-till.
They also investigated the effect of different rotational sequences: continuous soybeanwheat; continuous corn-wheat cover; soybean-wheat cover-corn-wheat cover; soybeanwheat cover-corn-wheat grain; corn-wheat cover-soybean-wheat cover; and corn-wheat
grain soybean-wheat cover. During the study, drought conditions were present to such
an extent that yield was very limited. It was further found that the no-till production
systems were subjected to much less than the conventional tillage systems due to the
ability of the no-till systems to conserve moisture, presumably from the previous crop
stover serving as a mulch (Edwards et al., 1988). Perhaps the most unique finding of
their study was the reduction in prevalence of soybean cyst nematode (Heterodera
glycines) in double-crop soybean trials when compared to the full-season soybean. The
authors also note that populations of soybean cyst nematode in conservation tillage
treatments increased more slowly than populations under conventional tillage practices.
In 1989 Wagger and Denton conducted a three year study to investigate the
effects of differing tillage practices on grain yields in a wheat, double-crop soybean, and
corn rotation. Four divergent tillage sequences were conducted; 1. No-tillage on all
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three crops. 2. Wheat was conventionally tilled, and no-till was used for soybean and
corn. 3. Wheat and corn were conventionally tilled and soybean was produced with notill. 4. Conventional tillage was used for all three crops. Two locations were used in their
study. The piedmont location consisted of a Pacolet sandy clay loam while the coastal
plain location consisted of an Aycock fine sandy loam soil. They report that there was
tremendous variation in the monthly distribution of precipitation across years. They
further note that drought stress occurred during critical stages (silking and seed fill) for
both corn and soybean. They state that despite this, the relative yields of grain crops
were strongly influenced by the tillage system.
Both corn and soybean yields were reported to be significantly higher in the notill production systems than the conventional system (Wagger and Denton, 1989). The
greatest yield benefit for corn occurred in 1985 during a very dry year; no-till increased
yield of corn 66% above that of the conventional tillage system and a 32% increase over
the three year period. Consistently drier soils were also reported for the soybean crop
under conventional tillage system. A 30 to 50% greater water content was observed for
the no-till system. Although there was only one year (1984) where no-till soybean yields
were significantly greater than that of conventional tillage, greater yields were
consistently observed. In 1985 the volumetric water content was measured at the
Piedmont location for both corn and soybean crops. It was reported that the no-till
production systems maintained volumetric water content above that of the
conventional tillage system at each observation. This shows that a no-till system may
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offer the producer a cushion during season with little or poorly distributed precipitation
(Wagger and Denton, 1989).
The potential cushion that no-till production systems offer during seasons of
inadequate precipitation as well as the unique finding that soybean cyst nematode
populations may be reduced clearly show the efficacy of this system. It should be
further noted that when, in the literature, it is reported that there is no difference in
yield between no-till and conventional tillage, economic benefits are obtained. Less
passes by equipment over the field will undoubtedly save valuable time and wear on
machinery.
Planting date
The importance of soybean planting date was first mentioned in 1908 by Charles
Mooers, “There is furthermore conclusive evidence that there is not only a stead
shortening of the season of growth as the date of planting is made late but also that this
shortening is much more marked in some varieties that in others” (Mooers, 1908). It has
further been determined that there is a significant penalty for planting after late May or
early June in KY (Egli and Cornelius, 2009).
C.V. Feaster (1949) implemented a four-year study to determine the favorable
plating time and the effect that planting date has upon maturity, seed yields, seed
quality, and chemical composition of different varieties of soybean. Five soybean
varieties (Ralsoy, S-100, Boone, Chief, and Dunfield) were selected based on what was
grown in the central Corn Belt. They were planting on 20-day intervals beginning on 20
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April and ending on 10 July. It should be noted that this research was conducted prior to
the unifying method of growth staging proposed by Fehr and Caviness (1977) and as
such, the growth stages reported are rather ambiguous. Maturity was denoted as “the
stage when most of the leaves had dropped, most of the pods were ripe, and the stems
fairly dry” (Feaster, 1949). Seed quality was assessed on a five-point scale (very good,
good, fair, poor, very poor) using development of the seed, wrinkling, damage, and color
as the criteria. Protein, oil content, and iodine number of the oil were determined for all
varieties at all planting dates.
Feaster (1949) found that days to maturity was highly variable. Feaster notes
that if the variety Ralsoy was planted on 20 April, 174 days were required to reach
maturity, while if the same variety was planted on 10 July, only 102 days were required.
It was further concluded that achieving early maturity was only possible with the
production of early maturing varieties. Yield was found to be considerably influenced by
planting date. The lowest yields reported were obtained from the 10 July planting. Seed
quality was also influenced by planting date, although not all varieties tested responded
equally. Boone, Chief and Dunfield were effected to a larger extent than Ralsoy and S100. The response of oil content to the planting date was variable depending on the
variety planted. In general, high oil content corresponded with the planting date which
resulted in the greatest yield. Protein content was also found to be variable with variety.
Interestingly, high oil content was generally associated with low protein content.
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Parker et al. (1981) investigated the effects of planting date and row spacing on
yield of soybean over a three-year period in Georgia. Four soybean cultivars: Essex,
Davis, Bragg, and Hutton were planted in narrow (46 cm) or wide (92 cm) rows. Seven
planting dates were implemented each year: 7 April, 22 April, 7 May, 25 May, 7 June, 23
June, and 8 July. Seed quality and seed weight were determined by visual ranking on the
basis of seed development, wrinkling, and brightness.
It was found that narrow rows resulted in a 4.2% increase in yield across all
cultivars (Parker et al., 1981). However, they note that the yield response to row spacing
is often inconsistent. Yield of soybean showed a very clear reduction as planting date is
delayed beyond early June. For all cultivars over the three-year period, the greatest
yield was obtained from late April to early June plantings. The range in yield was quite
broad, from 3240 kg ha-1 from the late May planting to 2170 kg ha-1 from the early July
planting. As planting was delayed there were also clear reductions in seed weight, seed
quality, and plant height.
Roger Elmore (1990) conducted a three-year study to determine the response of
soybean cultivars to divergent tillage systems and different planting dates. Six soybean
cultivars (Hack, Fremont, Mead, Zane, Williams 82, and Hobbit) were planted at three
different planting dates each year: 4 May, 23 May, and 13 June 1985; 5 May, 2 June, and
18 June 1986; and 11 May, 30 May, and 15 June 1987. These planting dates were
averaged to produce three dates: 7 May, 29 May, and 15 June. Tillage systems included:
1. no-till and 2. three passes with a tandem disk in the spring. All soybean cultivars were
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indeterminate except ‘Hobbit’ which was determinate. All cultivars were maturity group
III except for ‘Hack’ which was maturity group II.
It was found that the yield of all the indeterminate cultivars were quite similar
for the first two planting dates with a reduction in yield with the final planting date of 15
June. The determinate cultivar ‘Hobbit’ responded slightly different, with the first and
third planting date resulting in the least yield, and the second planting date (29 May)
having the greatest yield. Tillage was found to have no effect on the average yield of
soybean, however average yields were decreased as planting date was delayed. Planting
date one, two, and three were 2.93 mg ha-1, 3.03 mg ha-1, and 2.54 mg ha-1 respectively
(Elmore, 1990).
A regional analysis of the effect that planting date has on subsequent soybean
yield determined that a critical period for planting exists in the Deep South, Upper
South, and the Midwest (Egli and Cornelius, 2009). Egli and Cornelius (2009) compiled
planting date studies to 1; determine when soybean yield is decreased as planting date
is delayed and 2; is there an advantage for April or early May plantings. Studies that
were used were those that included data from more than a single year and also included
a June planting. They excluded studies that involved irrigation and the Early Soybean
Production System (ESPS). Nine studies were gathered from the Midwestern region of
the United States (IA, IL, IN, ND, NE, and OH), ten from the Upper South (AR, KY, MO,
and TN), and finally nine studies from the Deep South (AL, FL, GA, LA, MS, and SC).
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It was determined that the yield response to planting date was extraordinarily
similar across the three regions. A statistical break point at which yield declined with the
delay of planting was determined for each region (Midwest, Deep South, and Upper
South). For the Midwest region, yield of soybean remained relatively flat until 30 May ±
5.8 days. The slope of the line prior to the break point was -0.03 ± 0.15. The slope of the
line after the break point (on 30 May) was -0.7 ± 0.15% points per day. The Deep South
analysis resulted in an increase of yield production 0.54 ± 0.15% points per day prior to
the break point which occurred on 27 May ± 3.4 days. After this day the production of
yield steadily declined at a rate of -1.2 ± 0.13% per day. The Upper South region also had
a clear break point (7 June ± 2.8 days) at which yield was lost due to delayed planting.
Prior to the break point, the slop of the line was determined to be -0.04 ± 0.06% points
per day, while after the break point the slope of the line was -1.1 ± 0.10% points per
day.
Egli and Cornelius conclude that although there does not appear to be any yield
response to planting early there is a clear trend of yield loss after the end of May for the
Midwest and Deep South, or early June for the Upper South.
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Chapter 2 Field Evaluations of Double-Crop Soybean Productivity When Preceded by
Different Winter Annual Crops
Introduction
Soybean (Glycine max L.) is extensively produced in Kentucky and nearby states.
In Kentucky, an estimated 3.3 Mg ha-1 were produced from 744,622 hectares in 2015
(USDA-NASS, 2015c), which is greater than the 708,200 hectares yielding 3.09 Mg ha-1
produced in Tennessee (USDA-NASS, 2015e). However, states further north have
reported much greater production. Area devoted to soybean in Ohio was 1,922,258
hectares yielding 3.36 Mg ha-1 (USDA-NASS, 2015d). Illinois reports the greatest area as
well as yield of soybean with 3,965,922 hectares yielding 3.77 Mg ha-1 (USDA-NASS,
2015d). Some variation exists with soybean production in Kentucky. In 2015 Cumberland
county reported the highest average yields of 3.93 Mg ha-1 while Bullitt County reported
only 2.73 Mg ha-1 (USDA-NASS, 2015a). Reported state and County averages combine
full-season soybean production with that of double-crop soybean production and report
the average yield of both production systems as a single number. Double-crop
production systems refer to the production and harvest of two grain crops in a single
calendar year (Borchers et al., 2014). For example, the greatest documented full-season
soybean yield for 2015 was 6.61 Mg ha-1 while the double-crop record was 5.09 Mg ha-1
(University of Kentucky Extension, 2015).
Over the past twelve years the greatest documented yield of full-season soybean
has been consistently above the record for double-crop soybean; 6.16 Mg ha-1 and 4.63
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Mg ha-1 for full-season and double-crop soybean respectively (KyGrains.info, 2016). The
average record yield gap between these two production systems during the same time
period, is 1.53 Mg ha-1. At times the gap has been quite substantial, as in 2005 when the
difference was 2.01 Mg ha-1. In other soybean years the yield of double-crop soybean
has been very close to that of full-season soybean. In 2011 the record full-season
soybean yield was only 0.55 Mg ha-1 more than the double-drop soybean yield record
(University of Kentucky Extension, 2015).
Kentucky producers commonly double-crop soybean after a winter annual grain
crop, where soft red winter wheat (SRWW; Triticum aestivum L.) is the most common.
This practice constitutes roughly 84 percent of all double-crop acreage in the south (AR,
KS, KY, LA, MS, MO, NC, TN, and VA) and 61 percent in the north (IL, IN, IA, MI, MN, NE,
ND, OH, SD, and WI) (Borchers et al., 2014). Other winter annual grain crops such as
winter canola (Brassica napus L.) (Buntin et al., 2002), triticale (X Triticosecale), barley
(Hordeum vulgare L.) (Brown and Griggs, 2009), and cereal rye (Secale cereal L.) can be
produced in a double-crop production system (Borchers et al., 2014).
Anecdotal observations suggest that yield of double-crop soybean may be
improved with crops other than wheat. Research was conducted at the University of
Kentucky that examined double-crop soybean yield when preceded by either canola or
wheat. Soybean was established on the same date, regardless of preceding crop, in
1989, 1990, 2008 and 2009 at Princeton, KY (Herbek and Murdock, unpublished data). In
1989 and 2008 soybean yields were significantly (P<0.10) greater when canola was the
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winter annual. Soybean yield was 2.56 and 2.89 t ha-1 in 1989 and 2008, respectively,
when canola was the preceding crop while yield was 2.02 and 2.42 Mg ha-1 in 1989 and
2008, respectively, when SRWW was the preceding crop. In contrast, significant
differences (P<0.10) were not detected in 1990 or 2009. In 1990 soybean yield was 2.96
and 2.82 Mg ha-1, respectively, when the preceding winter annual was canola and
SRWW. In 2009 soybean yield was 4.30 and 4.44 Mg ha-1 for canola and SRWW,
respectively. These data indicate that potential interactions between winter annual and
summer crops exist and are more complex than simple planting date differences would
suggest.
Earlier harvest date of canola (B. napus L.) and subsequent earlier planting of
double-crop soybean is partly responsible for an increase in soybean productivity. The
importance of planting date on soybean productivity was first documented by Mooers
(1908). Since that time it has been well documented that a reduction in productivity
exists as the planting date is delayed (Egli and Cornelius, 2009; Feaster, 1949; Herbek
and Lee, 2011; Mooers, 1908).
Stover of specific winter annual species may also play a role in the establishment
of double-crop soybean. Canola seed, stover, and roots have been shown to have lower
carbon to nitrogen ratio than wheat seed, stover, and roots with both low (rain fed) and
high (irrigation) water availability (Gan et al., 2011). The decrease in carbon to nitrogen
ratio may allow a more rapid decomposition of stover retained on the field.
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Allelochemicals from wheat have further been implicated in the reduction of
growth and development of soybean with laboratory studies. Guenzi and McCalla (1962)
found reductions in the growth of corn (Zea mays L.), wheat and sorghum (Sorghum
bicolor L.) seedlings when produced in the presence of aqueous leachate extracted from
ground wheat stover. Hairston et al. (1987) also showed that wheat stover leachate
inhibited soybean radicle length and weight when present at the time of germination. It
was also found by Herrin et al. (1986) that soybean cultivars exhibited different biomass
production responses in the presence of wheat stover. These studies noted the
potential for water soluble compounds produced from wheat stover to have a negative
impact on developing seeds including those of soybean, but they were not designed to
consider the confounding effects of diverse field ecosystems.
Allelopathic interactions between annual weed stover of (common
lambsquarters (Chenopodium album L.), redroot pigweed (Amaranthus retroflexus L.),
common ragweed (Ambrosia artemisiifolia L.) and velvetleaf (Abutilon theophrasti) and
corn and soybean seedlings were investigated by Bhowmik and Doll (1982). Dried and
ground weed stover was incorporated into different growing media (silica sand, 50:50
mix of silica sand and soil, and silt loam) at differing rates (0, 0.25, 0.50, 0.75, and 1.0%
by weight). Bowmik and Doll (1982) found that as the amount of incorporated weed
stover increased, soybean internode length and shoot and root length decreased.
Soybean allelopathy against weeds, specifically velvetleaf (A. theophrasti), and
foxtail millet (Setaria italic L.), has also been investigated under greenhouse conditions.
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Rose et al. (1984) investigated direct competition, soybean leachates, soybean dry
matter incorporation, and soybean plant extracts from different soybean cultivars.
Soybean root exudates were shown to inhibit velvetleaf growth. When dried soybean
stover was incorporated into the growing media, both velvetleaf and foxtail millet
stands and dry matter accumulation were reduced.
Field studies corroborate laboratory investigations regarding the potential of
wheat stover to inhibit soybean development. Hicks et al. (1989) investigated different
wheat stover management practices on cotton plant population and lint yield across
two years for two cotton cultivars: Paymaster 404 and Acala A246. Three treatments
were investigated: wheat stover manually removed and the field tilled; undisturbed
wheat stover; and undisturbed wheat stover with the addition of ground mature wheat
stover. The incorporation of ground wheat stover resulted in the greatest reduction in
plant population. Final lint production was not affected for Paymaster 404 in any
treatment, but Acala A246 lint production was least in the clean tillage treatment. In the
second year, Paymaster 404 showed no trend in plant populations nor lint production,
while Acala A246 exhibited lower populations when wheat stover remained standing
and ground wheat stover was added. This treatment also significantly reduced final lint
production. Significant reductions in plant populations occurred when seeds were in
direct contact with wheat stover, suggesting phytotoxicity may be partly the cause of
the reduction (Hicks et al., 1989).
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Hairston et al. (1987) also initiated field studies to investigate the impact of
wheat stover management on soybean growth and development. Four wheat stover
management practices were examined: wheat stover burned, mowed to 50 mm and
removal, incorporated to 0.1 m by disking twice and finally, standing stover at 0.20 m.
The greatest reduction in early double-crop soybean growth was found to be in the
treatments where wheat stover persisted on the soil surface or was incorporated into
the soil. When wheat stover remained on the surface, double-crop soybean appeared
chlorotic. They hypothesized that nitrogen immobilization, as well as phytotoxins, were
reasonable explanations for the stunting and chlorosis.
Despite considerable documentation of wheat allelopathy, comparisons of
winter annual species on subsequent soybean yield have not been well documented.
The objective of this study was to quantify the yield of double-crop soybean following
three different winter annual crops and fallow (control).
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Materials and Methods
Field trials were conducted from 2014 through 2016 at the University of
Kentucky’s Research and Education Center near Princeton, KY. The winter annual crops
were preceded by corn, and were no-till drilled on a 19.05 cm row spacing with a
Lilliston no-till drill (Lilliston Corporation, Albany, GA.) (Table 2.1). Double-crop soybean
plots were planted on a 38.1 cm row spacing following harvest of winter annual crops
with a seven row Kinze planter (Kinze manufacturing Co., Williamsburg, IA.) (Table 2.1).

Table 2.1 Field crop planting and harvest dates across two locations at Princeton, KY.
Crop

Cultivar

Planting Date

Harvest Date

Seeding rate

Canola

Edimax CL†
Nomini‡

Wheat

Pembroke
14§
P93Y05¶
P35T58R

30 June 2016

22 June 2015
13 June 2016
22 June 2015
6 June 2016
22 June 2015
29 June 2016
15 October
2015
17 October
2016

3.4 kg ha-1

Barley

16 September 2014
1 October 2015
27 October 2014
6 October 2015
27 October 2014
13 October 2015
24 June 2015

Soybean

409 seed m-2
387 seed m-2
370,370 plants ha-1

† Rubisco Seeds Hybrid Canola. Philpot, KY.
‡ Virginia Crop Improvement Association. Mechanicsville, VA.
§ Kentucky Small Grain Growers Association. Eastwood, KY.
¶ DuPont Pioneer. Johnston, IA.
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Field plots were established at three site years near Princeton, KY. The first site
year was in 2014-2015 on a Crider (fine-silty, mixed, active, mesic Typic Palueudalf) silt
loam (N 37° 5’ 57” W 87° 52’ 1”) (Figure 2.1). The two remaining site years were
established at two locations at Princeton, KY, in 2015-2016 a Crider (fine-silty, mixed,
active, mesic Typic Palueudalf) silt loam and a Zanesville (fine-Silty, mixed, active, mesic
Oxyaquic Fragiudalf) silt loam (N 37° 5’ 56” W 87° 51’ 54” and N 37° 6’ 14” W 87° 49’
53”) (Figure 2.2) in the 2015-2016 season. Each treatment plot was 3 meters wide and
12 meters long. Due to the staggered planting and harvest dates for the winter annuals,
a 12-meter-wide alley was included to allow for equipment to maneuver without
damaging previously planted crops. A wheat border was planted on both sides of trial.
In all site years, the study design was a randomized complete block (RCBD) design with
six replications. In 2016 at the Crider location two replications were inadvertently
destroyed, therefore there were only four replication for the 2016 Crider location.
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Figure 2.1 Experimental site for 2014-2015 at Princeton, KY.
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Figure 2.2 Experimental sites for the 2015-2016 years at Princeton, KY.
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Table 2.2 Management inputs and application dates for wheat, barley, canola,
and soybean across both Crider and Zanesville locations for 2015 and 2016 years
at Princeton, KY.
Crop
Wheat

Input
Rate
Application Date
-1
Nitrogen (33-0-0)†
44.84 kg ha
10 February 2015
Prosaro‡
0.5 L ha-1
8 April 2015
-1
Nitrogen (33-0-0)
56 kg ha
17 March 2015
-1
Nitrogen (33-0-0)
44.84 kg ha
22 February 2016
Nitrogen (33-0-0)
89.67 kg ha-1
17 March 2016
-1
Prosaro
0.5 L ha
25 April 2016
-1
Barley
Nitrogen (33-0-0)
44.84 kg ha
10 February 2015
-1
Prosaro
0.5 L ha
8 April 2015
Nitrogen (33-0-0)
56 kg ha-1
17 March 2016
-1
Prosaro (Crider)
0.5 L ha
19 April 2016
-1
Prosaro (Zanesville)
0.5 L ha
25 April 2016
Canola
Nitrogen (33-0-0)
67.26 kg ha-1
10 February 2015
-1
Nitrogen (33-0-0)
56 kg ha
17 March 2015
-1
Proline§
0.3 L ha
23 April 2015
Nitrogen (33-0-0)
67 kg ha-1
22 February 2016
-1
Nitrogen (33-0-0)
100 kg ha
17 March 2016
-1
Proline
0.3 L ha
15 April 2016
Soybean
Glystar plus¶
2.3 L ha-1
17 June 2015
-1
Dual II Magnum#
1.75 L ha
17 June 2015
-1
Glystar plus
2.3 L ha
1 July 2016
Dual II Magnum
1.75 L ha-1
1 July 2016
-1
Firstrate††
0.02 L ha
26 July 2016
-1
Glystar plus
2.3 0.5 L ha
26 July 2016
† Urea-ammonium-nitrate
‡ Prothioconazole, Tebuconazole (Bayer Crop Science, Leverkusen, Germany).
§ Prothioconazole, Glycerine (Bayer Crop Science, Leverkusen, Germany). ****
¶ Glyphosate (Albaugh, LLC, Ankeny, IA).
# S-Metolachlor (Syngenta AG, Basel, Switzerland).
†† Cloransulam-methyl (Dow AgroSciences Canada Inc., Calgary, Alberta)

In 2016, soil nitrate samples were collected following harvest of each winter
annual (Table 2.1). Four samples were collected to a depth of 30 cm and hand
homogenized to produce a single sample from each plot. All samples were frozen at -17
°C until analysis. Samples were analyzed for soil nitrate with the nitrate electrode
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method by the University of Kentucky, Division of Regulatory Services, Research and
Education Center at Princeton.
Statistical Analysis
Analyses of variance for grain yield and soil nitrate were analyzed with PROC
GLIMMIX (SAS 9.4; SAS Institute Inc. Cary, NC). Least squares means were separated
with an approximate t test with the GLIMMIX procedure. Replication and site year for
grain yield were specified random and treatment was fixed effects. Replication and
location for soil nitrate were specified random and treatment was fixed effects. The
significance level was specified at 90% (P=0.10).
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Results and Discussion
No significant differences in grain yield were detected (P<0.10) regardless of soil
type, site year, or winter annual treatment (Table 2.3).
Table 2.3 Lest squares means and analysis of variance for grain yield of doublecrop soybean when preceded by winter wheat, barley, canola, and a fallow
treatment, across three site years at Princeton, KY.
Soybean Yield (Mg ha-1)

Treatment
Canola
Wheat
Barley
Fallow
p-value
Effect
Treatment
Site Year
Treatment*Site Year

2.55
2.47
2.44
2.43
0.5689
ANOVA
F-value
0.68
185.54
1.27

DF
3
2
6

P-value
0.5689
<0.0001
0.2958

These data are consistent with two years (1990 and 2009) of findings by Herbek
and Murdock (unpublished). However, these results fail to support Herbek and
Murdock’s 1989 and 2008 studies where differences (P<0.10) were detected and
soybean yield was greater when canola was the preceding crop. These data provide a
narrow window into the diverse ecosystem that is found in the producers’ field. It has
been documented that a large portion of the allelopathic compounds produced in
wheat are phenolic compounds which are commonly water soluble (Guenzi and
McCalla, 1962; Guenzi et al., 1967; Wu et al., 2001). Double-crop soybean were planted
in late June (Table 2.1). The monthly precipitation in June of both years was below
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normal (Figure 2.4). Soon after planting, the field trial sites received unusually large
amounts of precipitation, 20 and 30 cm in 2015 and 2016 respectively.
Table 2.4) Temperature (C) and monthly precipitation (cm) in Princeton,
Kentucky obtained through the University of Kentucky Ag weather center.

Year
Month
2015
March
April
May
June- Pre Planting
June-Post Planting
July
August
September
October
2016
March
April
May
June-Pre Planting
June-Post Planting
July
August
September
October

Average
temperature

Deviation
from 30 year
mean

Average
precipitation

Deviation from
30 year mean

(°C)

(°C)

(cm)

(cm)

7.78
15.56
20.00
24.44
24.44
26.11
22.78
21.67
15.56

-0.56
0.56
0.56
+1.00
-1.00
0.56
-2.22
0.00
0.56

17.35
18.75
8.94
5.51
1.73
22.43
7.37
2.08
10.54

4.80
6.55
-3.66
-1.98
-0.56
11.53
-2.82
-6.38
2.79

11.67
15.00
17.78
25.00
21.11
26.67
25.56
22.78
18.33

3.33
0.00
-1.67
1.11
-7.00
1.11
0.56
1.11
3.33

18.54
11.20
15.77
5.54
0.00
32.31
13.64
3.38
0.64

5.99
-0.99
3.18
-4.24
-0.13
21.41
3.45
-5.08
-7.11

The water-soluble nature of the potential allelopathic compounds, coupled with
the copious amounts of precipitation, offer a potential explanation for the lack of
difference in double-crop soybean yield across treatments. Leaching may have carried
the allelopathic compounds out of the soybean root zone (Inderjit, 2001). Allelopathic
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compounds may have also been diluted beyond an inhibitory concentration during the
high rainfall.
In 2009, Herbek and Murdock (unpublished) did not detect any significant
differences (P<0.10) in soybean grain yield when preceded by canola or wheat. The July
precipitation in this year was eight cm above the 30 year mean (Table 2.5), suggesting
that high amounts of precipitation may reduce potential allelopathic interactions. In
2008, Herbek and Murdock did find that grain yield of soybean was significantly greater
(P<0.10) when preceded by canola. June, August, September, and October of 2008 all
received below normal amounts of precipitation. Below normal precipitation, coupled
with different winter annual crops, may have acted synergistically to reduce soybean
grain yield.
The 1989 and 1990 studies by Herbek and Murdock do not offer such clear
results, however. June, July, and August of 1989 all received greater than normal
amounts of precipitation, while June, August and September of 1990 received below
normal. Significant differences (P<0.10) in soybean grain yield were only detected in
1989, suggesting that insufficient precipitation may not be the sole cause of yield
reduction.
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Table 2.5 Temperature (°C) and monthly precipitation (cm) in Princeton, Kentucky
obtained through the University of Kentucky Ag weather center.

Year
Month
1989
March
April
May
June-pre plant
June-post plant
July
August
September
October
1990
March
April
May
June
July
August
September
October
2008
March
April
May
June
July
August
September
October
2009
March
April
May
June
July
August
September
October

Average
temperature

Deviation from
30 year mean

Average
precipitation

Deviation from
30 year mean

(°C)

(°C)

(cm)

(cm)

10.56
14.44
18.33
21.67
25.00
25.56
25.00
20.56
15.56

+2.22
-0.56
-1.11
-3.00
0.00
0.00
0.00
-1.11
+0.56

14.22
6.05
6.83
25.53
10.97
11.63
11.00
5.00
9.60

+1.68
-6.15
-5.77
+3.68
+2.52
+0.74
+0.81
-3.45
+1.85

11.11
13.89
17.78
24.44
25.56
24.44
23.33
14.44

+2.78
-1.11
-1.67
+0.56
0.00
-0.56
+1.67
-0.56

10.74
7.67
16.33
3.94
12.29
5.11
8.00
15.54

-1.80
-4.52
+3.73
-5.84
+1.40
-5.08
-0.46
+7.80

8.89
14.44
18.33
25.56
26.11
25.00
23.33
15.56

+0.56
-0.56
-1.11
+1.67
+0.56
0.00
+1.67
+0.56

19.18
16.66
15.72
3.15
13.00
1.75
1.55
5.72

+6.63
+4.47
+3.12
-6.63
+2.11
-8.43
-6.91
-2.03

11.67
14.44
19.44
25.00
23.33
23.89
21.67
12.78

+3.33
-0.56
0.00
+1.11
-2.22
-1.11
+0.00
-2.22

7.34
13.59
15.60
20.24
18.92
6.12
11.71
23.06

-5.21
+1.40
+3.00
+10.46
+8.03
-4.06
+3.25
+15.32

45

Winter annual crop grain yields were measured in 2015 and 2016. Mean wheat
grain yield was 6.1 Mg ha-1 in 2015, and 5.8 and 8.7 Mg ha-1 in 2016, from Crider and
Zanesville locations respectively, which is above the state average (4.9 Mg ha-1) in
Kentucky (USDA-NASS, 2015c). Mean barley grain yield was 3.4 Mg ha-1 in 2015, and
5.7 and 2.1 Mg ha-1 from Crider and Zanesville locations respectively. Aside from barley
yield on the Crider location in 2016, these grain yields are lower than the expected state
averages (3.2 – 5.4 Mg ha-1) in Kentucky (Lee et al. 2007). Mean canola grain yield was
0.9 Mg ha-1 in 2015, and 2.3 and 1.6 Mg ha-1 from 2016 Crider and Zanesville locations
respectively. Canola grain yield for all three site years was well below the state averages
(2.2 – 3.4 Mg ha-1) in Kentucky (Lee et at. 2007). Should significant differences have
been detected for grain yield of double crop soybean, these data may have offered
insight.
High levels of nitrate in the soil have been shown to inhibit Rhizobium japonicum
nodule establishment on soybean (McNeil, 1982). The potential for nitrogen carryover
reducing nodule establishment was a concern. Furthermore, if there was substantial
carryover, the additional nitrogen available to developing soybean plants prior to
nodulation may have given an advantage to that treatment. Should differences in
soybean yield have been detected, these data (Table 2.6) may have offered insight into
a possible explanation.
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Table 2.6 Least squares means and analysis of variance for soil nitrate levels, and
sampling dates across both site years in the 2016 field season at Princeton, KY.
Soil NO3- (PPM)
4.84 A †
4.47 A
4.60 A
3.54 B
0.0181
ANOVA
EFFECT
DF
F-value P-value
Treatment
3
3.68
0.0181
Location
1
3.28
0.0763
Treatment*location
3
0.98
0.4102
† Different letters next to mean values represent
significant treatment differences (t test, P<0.10).
Treatment
Barley
Canola
Wheat
Fallow
P-value

Soil nitrate levels from fallow treatment plots were significantly less (P<0.10)
than canola, barley, and wheat trial plots. This is likely a result of the fallow treatment
plots not receiving any fertilizer compared with the winter annual crops, which were
given supplemental nitrogen (Table 2.2).
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Conclusions
It is quite interesting that across the three site years, double-crop soybean yield
did not differ regardless of the winter annual previously grown. These data indicate that
grain yield of double-crop soybean was not sensitive to the preceding species of winter
annual crop. Though this observation may have been influenced by high amounts of
rainfall, overall allelopathy from wheat should remain the least of producers’ concerns.
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Chapter 3 Determination of differences in early soybean growth in greenhouse and
cold chamber environments.
Introduction
Soft red winter wheat (SRWW; Triticum aestivum L.) is among the top three most
commonly produced grain crops in Kentucky. An estimated 226,624 hectares were
planted in 2015, yielding approximately 4.9 t ha-1 (USDA-NASS, 2015c), which was
greater than other areas within the region. For example, Illinois, Ohio, and Tennessee
planted 218,530, 210,437, and 184,132 ha with reported state average yields of 4.4, 4.5,
and 4.6 Mg ha-1, respectively (USDA-NASS, 2015b, d, e). Considerable variation exists for
wheat productivity within Kentucky. Logan County in the Southern Tier of the state
reported above state average yields of 5.38 Mg ha-1 (USDA-NASS, 2015a). In certain
areas, SRWW yields can be much greater, particularly counties located near the Ohio
River. In 2016, Daviess, Hancock, McLean, and Union counties all reported record yields
of 6.9 t ha-1 or greater (University of Kentucky Extension, 2016).
In Kentucky, SRWW is commonly incorporated in a double-crop production
system. Double-crop production systems refer to the production and harvest of two
grain crops in a single calendar year (Borchers et al., 2014). Winter wheat is the most
common winter annual used in combination with soybean.
Multiple observations indicate that double-crop soybean yields may be improved
when other winter annual grain crops are chosen, but there is little reported research.
Canola, for example, is commonly harvested prior to SRWW, which allows an earlier
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double-crop soybean planting. Soybean planting date significantly affecting grain yield
has been well documented (Egli and Cornelius, 2009; Feaster, 1949; Herbek and Lee,
2011; Mooers, 1908). The importance of planting date was first mentioned in 1908 by
Charles Mooers, “There is furthermore conclusive evidence that there is not only a stead
shortening of the season of growth as the date of planting is made late but also that this
shortening is much more marked in some varieties that in others” (Mooers, 1908).
Significant yield penalties for planting after late May or early June in KY have been
documented (Egli and Cornelius, 2009). There are also numerous anecdotal accounts
that double-crop soybean yields are greater following canola than wheat which are not
attributed to planting date.
To investigate these observations researchers at University of Kentucky
examined double-crop soybean yields when preceded by canola and wheat. The
soybean seed were planted on the same date regardless of preceding crop in 1989,
1990, 2008, and 2009 at Princeton, KY (Herbek and Murdock, unpublished data). In 1989
and 2008 soybean yields were significantly (P<0.10) greater when canola was the winter
annual. Soybean yield was 2.56 and 2.89 Mg ha-1 in 1989 and 2008, respectively, when
canola was the preceding crop while yield was 2.02 and 2.42 Mg ha-1 in 1989 and 2008,
respectively, when SRWW was the preceding crop. In contrast, significant differences
(P<0.10) were not detected in 1990 or 2009. In 1990 soybean yield was 2.96 and 2.82
Mg ha-1, respectively, with the preceding winter annual as canola and SRWW. In 2009
soybean yield was 4.30 and 4.44 Mg ha-1 following canola and SRWW, respectively.
Additionally, researchers in southern Indiana also reported an increase of 0.34 Mg ha-1
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double-crop soybean yield when the preceding crop was canola instead of SRWW
(Charles Mansfield, personal communication). These findings suggest that the
interaction between sequential crops is more intricate than simply planting date.
Delayed soybean growth and development and reduced grain yield of doublecrop soybean has been documented when wheat stover remains on the soil surface, as
in no-till systems (Hairston et al., 1987) suggesting that chemical inhibition, or
allelopathy, may be partially responsible. In the 1980’s, much research was conducted
that showed the potential for wheat to inhibit the growth and development of the
following crop.
There are considerable accounts of the phytotoxic effect of wheat in laboratory
assays (Bhowmik and Doll, 1982; Guenzi and McCalla, 1962; Hairston et al., 1987; Herrin
et al., 1986; Oueslati, 2003). However, there is no documentation of early soybean
seedling growth and development when produced in field collected soil. A better
understanding of early seedling growth and development will aid our understanding of
the underlying mechanism responsible for the yield decreases observed for double-crop
soybean following SRWW. The objectives of this study were to determine the
emergence and biomass of soybean produced in field collected soil from canola, barley,
wheat, and fallow treatments.

51

Materials and Methods
Soil cores were collected prior to double-crop soybean planting from each of the
winter annual crops: barley, canola, wheat, and fallow, at three field locations (Table
3.1) by driving 12.7 cm long Schedule 30 PVC pipe into the soil at arbitrarily chosen
locations between rows of each plot (Figure 3.1). Cores were carefully extracted to
ensure the soil remained within the pipe. In 2015, 10 cores were placed in the
greenhouse and (Figure 3.2). Ten cores were transported to Lexington, KY, and placed in
the cold chamber at 4°C in 2015.

Table 3.1 Soil collection dates at Princeton, KY for two soil types, Crider (fine-silty,
mixed, active, mesic Typic Paluedalf) silt loam, and Zanesville (fine-silty, mixed, active,
mesic Oxyaquic Fragiudalf) silt loam.

Year

Collection
dates
June 22

GPS Coordinates

Soil type

2015

replication
(no.)
6

N 37° 5’ 57” W 87° 52’ 1”

Crider

2016

4

June 29

N 37° 5’ 57” W 87° 51’ 54”

Crider

2016

6

June 29

N 37° 6’ 57” W 87° 49’ 53”

Zanesville
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Figure 3.1 Field collection of soil cores (E. Swiggart 2015)

In 2015 Pioneer soybean cultivar 93Y05 was planted after using a pizza cutter to
imitate the coulter of a planter by creating 3.8 cm deep slits in the soil of each core. In
2016 Pioneer soybean cultivar P35T58R seed was planted after using a seed depth
indicator (Pelican Lures, Winnipeg, MB.) to create 3.8 cm deep slits in the soil of each
core.
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Figure 3.2 Soil cores in the greenhouse environment (E. Swiggart 2015)

Soybean emergence in 2015 and 2016 was measured twice every 24 hours and
denoted as the time when the cotyledon was free of the soil surface, consistent with
(Fehr and Caviness, 1977)(Figure 3.3). Seedlings where cotyledons became stuck in the
soil and consequently broke at the hypocotyl were not recorded as emerged. In July
(Table 3.2) soybean seedlings were harvested from each soil core, roots were carefully
washed clean of soil, and root length measurements were determined with a ruler
(2015), or with ImageJ software (2016) (Rasband, 1997). Root and shoot biomass were
measured.
Table 3.2 Soybean seedling harvest dates at Princeton, KY.
Year
2015
2015
2016
2016

Harvest date
July 19
July 8
July 15
July 15

Environment
Cold chamber
Greenhouse
Greenhouse
Greenhouse
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Soil type
Crider
Crider
Crider
Zanesville

Figure 3.3 Fully emerged soybean (VE). Soybean cotyledon is free from the soil
surface (E. Swiggart 2015).

In both 2015 and 2016, prior to planting, six seed samples were sent to the
University of Kentucky College of Agriculture Division of Regulatory Services, Seed
Testing Laboratory in Lexington, Kentucky. Each sample was subjected to a standard
germination (Association of Official Seed Analysts, 1978) test, accelerated aging, and a
cold germination test (Baalbaki, 2009).
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Statistical Analysis
Normality of the data was confirmed with the UNIVARIATE procedure. Analyses
of variance for soybean biomass, length, and emergence were analyzed with PROC GLM
(SAS 9.4; SAS Institute Inc. Cary, NC); statistical significance was set at 90% (P=0.10).
Least squares means were separated with the GLM procedure.
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Results and Discussion
Soybean seedling emergence, root and stem length, and biomass were
measured under controlled conditions in a greenhouse in 2015 and 2016 and in 2015,
an additional stress environment; 13 days in a cold chamber at (4°C) was imposed.
Significant treatment by environment interactions (P<0.10) were detected. Thus cold
chamber and greenhouse studies were analyzed separately.
Under greenhouse conditions the time to soybean seedling emergence was
significantly (P<0.10) different among the soil core treatments: barley, canola, fallow,
and wheat. Soybean seedlings emerged within approximately 122 and 124 hours for the
barley and wheat soil cores respectively which was significantly different (P<0.10) than
the fallow soil cores. Soybean seedling emerged within approximately 114 and 121
hours for the fallow and canola soil cores, respectively (Table 3.3). Time to soybean
seedling emergence for the canola soil treatment was not significantly different from
that of barley, wheat, or fallow soil treatment. There was no difference in total soybean
seedling emergence among the soil core treatments: barley, canola, fallow, and wheat
12 days after planting.
Although treatments are statistically different (P<0.10), biologically the greatest
difference among treatments is merely 10 hours, which may not result in a practical
difference. Although, the speed at which soybean emerged was different, the total
percent of soybean that emerged did not differ among treatments. These data suggest
that the ability of soybean to emerge, regardless of speed, is independent of the
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potential influence of species of winter annual crop chosen. Degradation of allelopathic
compounds by soil microorganisms is also a possibility (Schmidt, 1988) and the effect of
the allelopathic compounds are lessened. Schmidt (1988) reported that a common soil
bacterium (Pseudomonas J1) was able to grow rapidly using juglone as the sole source
of carbon and energy. Juglone is a reported allelochemical from walnut trees (Juglans
nigra L.). Therefore, a reasonable assumption is that soil microorganisms are capable of
degrading allelopathic compounds from wheat as well.

Table 3.3 Least squares means and analyses of variance for time to emergence
and percent emergence of soybean 12 days after planting, in four soil treatments
in greenhouse conditions at Princeton, KY in 2015 and 2016.
Treatment
Barley
Wheat
Canola
Fallow
p-value
Root MSE

Time to Emergence
(hours)
122 A †
124 A
121 A
114 B
0.0702
0.8912

Percent
Emerged
84
82
83
86
0.8909
0.1335

ANOVA
Effect
DF
Time to Emergence
Percent Emerged
hours
F-value P-value F-value
P-value
SiteYear
2
2.25
0.1192
5.96
0.0055
Block(SiteYear)
13
1.08
0.4031
0.53
0.8909
Treatment
3
2.54
0.0702
0.28
0.8405
SiteYear*Treatment
6
0.91
0.5004
1.08
0.3887
† Different letters next to mean values represent significant treatment
differences (t test, P<0.10).
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Significant treatment by year interactions (P<0.10) were detected for shoot
length, root weight, and total weight of soybean seedlings when produced under
greenhouse conditions, thus, data were analyzed by site year. Crider 2016 site year,
soybean root weight was 0.77 g and 0.75 g for the canola and fallow soil core
treatments respectively, which was significantly greater (P<0.10) than soybean root
weight after barley and wheat, which were 0.57 g and 0.54 g, respectively (Table 3.4).
Zanesville 2016 site year, soybean root weight was 0.70 g and 0.75 g for canola and
fallow soil core treatments respectively, which was significantly greater (P<0.10) than
soybean root weight after barley and wheat, which were 0.61 g and 0.57 g respectively.
Crider 2016 site year, soybean total weight was 3.0 g and 2.8 g for fallow and
canola soil core treatments respectively, which was significantly greater (P<0.10) than
wheat, which was 2.3 g (Table 3.4). Zanesville 2016 site year, total soybean seedling
weight was 2.4 g and 2.3 g for canola and fallow soil core treatments respectively, which
was significantly greater (P<0.10) than soybean seedling weight after barley, which was
1.9 g. No significant differences (P<0.10) were detected for shoot length, root weight,
or total weight in 2015.
The divergent response of soybean root weight and total weight by site year is
interesting. Differences could be attributed to differences in winter annual development
by year. However, it is more reasonable to attribute the change in response to the
change in soybean cultivar. In 2015 DuPont Pioneer cultivar 93Y05 was used, while in
2016 DuPont Pioneer P35T58R was used. Herrin et al. (1986) investigated soybean
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cultivar response to the potential allelopathic effects of wheat. They concluded that
there were significant differences among soybean cultivars in their response to
allelopathic compounds from wheat. The differences observed in 2016 are congruent
with the findings of Herrin et al. (1986) and offer the most reasonable explanation of
these results.
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Table 3.4 Least squares means and analyses of variance for soybean shoot length, total weight, and root weight 12 days after
planting, in four soil treatments in greenhouse conditions at Princeton, KY in 2015 and 2016.
Treatment

Shoot Length
(cm)
Crider Zanesville
2016
2016
9.3
9.2
9.3
9.8
9.8
9.7
10.0
9.3
0.1928
0.3288
4.97
7.30
0.4844
0.6941

Total Weight
Root Weight
(g)
(g)
Crider
Crider Crider Zanesville Crider
Crider
Zanesville
2015
2015
2016
2016
2015
2016
2016
Wheat
14.6
2.3
2.3 C†
2.0 BC
0.64
0.54 B
0.57 B
Fallow
14.1
2.5
3.0 A
2.3 AB
0.69
0.75 A
0.75 A
Canola
13.7
2.1
2.8 AB
2.4 A
0.58
0.77 A
0.70 A
Barley
13.5
2.3
2.6 BC
1.9 C
0.66
0.57 B
0.61 B
p-value
0.1640
0.4392 0.0111
0.0551
0.4808 0.0004
0.0107
CV
5.82
13.63
8.59
13.91
18.34 8.65
13.54
Root MSE
0.8138
0.3142 0.2301
0.3044
0.1180 0.0568
0.0890
ANOVA
Crider 2015 Shoot Length
Crider 2016 Shoot Length
Zanesville 2016 Shoot Length
Effect
DF
F-value
P-value
DF
F-value
P-value
DF
F-value P-value
Rep
5
2.18
0.117
3
1.05
0.4164
5
0.50
0.7719
Treatment
3
1.96
0.1640
3
1.95
0.1928
5
1.24
0.3288
Crider 2015 Total Weight
Crider 2016 Total Weight
Zanesville 2016 Total Weight
Rep
5
2.81
0.0549
3
2.63
0.1139
5
0.14
0.9811
Treatment
3
0.96
0.4392
3
6.75
0.0111
3
3.17
0.0551
Crider 2015 Root Weight
Crider 2016 Root Weight
Zanesville 2016 Root Weight
Rep
5
3.92
0.0179
3
2.55
0.1209
5
1.08
0.4085
Treatment
3
0.86
0.4808
3
17.40
0.0004
3
5.32
0.0107
† Different letters next to mean values within the same column represent significant treatment differences (t test, P<0.10).
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Significant differences (P<0.10) were detected for total seedling length and root
length of soybean produced in the soil treatments: barley, canola, fallow, and wheat
under greenhouse conditions (Table 3.5). Soybean seedlings were approximately 12 cm
long roots when produced in fallow soil, which were significantly longer (P<0.10) than
roots from barley, and wheat soil treatments, which resulted in approximately 10.3, and
10.8 cm long roots respectively. Soybean seedling root length, when produced in canola
soil treatment was approximately 11.3 cm long, which was significantly longer than
barley soil treatment. Total soybean seedling length was also significantly different
(P<0.10) when soybean were produced in the fallow soil treatment as opposed to barley
and wheat. The fallow soil treatment resulted in total soybean length of approximately
23.3 cm, while barley, and wheat soil treatments resulted in approximately 21.3, 21.8
cm total seedling length, respectively.
The decline in soybean root and total seedling lengths when produced in field
soil regardless of winter annual species, compared to when the soil was fallow is
noteworthy. Canola, barley, and wheat have all previously been shown to possess
allelopathic potential (Kimber, 1967; Niakan and Mazandrani, 2009; Overland, 1966).
Overland’s (1966) research showed that aqueous extract of barley inhibited growth of
tobacco (Nicotiana tabacum L.). Kimber (1967) reported reduced wheat and oat root
growth when grown in the presence of decomposing wheat stover. Our results in
regards to root length and total length of soybean roots are consistent with the
previously mentioned reports and thus, reasonable to suspect that allelopathy from
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winter annual crops may partially explain the reduction in soybean root length relative
to that of the fallow soil treatment.
Table 3.5 Least squares means and analyses of variance for soybean total length
root length 12 days after planting, under greenhouse conditions in four soil
treatments at Princeton, KY, in 2015 and 2016 site years.
Treatment
Fallow
Canola
Wheat
Barley
p-value
CV
Root MSE

Total length (cm)
23.3 A †
22.4 AB
21.8 BC
21.3 C
0.0130
7.9316
1.7773

Root Length (cm)
12.0 A
11.3 AB
10.8 BC
10.3 C
0.0080
12.7493
1.4233

ANOVA
Total Length (cm)
Root Length (cm)
Effect
DF F-value P-value DF F-value P-value
SiteYear
2
91.61 <0.0001 2
12.66 <0.0001
Rep(SiteYear)
13
2.29
0.0233 13
2.26
0.0247
Treatment
3
4.21
0.0113 3
4.54
0.0080
Treatment*Siteyear 6
0.53
0.7822 6
0.47
0.8276
† Different letters next to mean values within the same column represent
significant treatment differences (t test, P<0.10).

Significant treatment by site year interactions (P<0.10) were detected for shoot
weight, thus Crider 2015, Crider 2016, and Zanesville 2016 site years were analyzed
separately. Under greenhouse conditions, soybean shoot weight was significantly
different (P<0.10) among the soil treatments: barley, canola, fallow, and wheat (Table
3.6). Soybean seedling shoot weight from the fallow soil treatment originating from the
Crider 2016 site year was approximately 2.3 g which was significantly (P<0.10) greater
than barley, canola treatments, wheat soil treatment was significantly (P<0.10) less than
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all other treatments (Table 3.6). Canola soil treatment from the Zanesville 2106 site year
resulted in a soybean shoot weight of approximately 1.8 g which was significantly
(P<0.10) greater than barley and wheat soils, which were approximately 1.4 g and 1.5 g,
respectively. The fallow soil treatment from the Zanesville 2016 site year resulted in a
soybean shoot weight of 1.6 g, which was not significantly different (P<0.10) from
barley, canola, or wheat treatments. Shoot weight from the Crider 2015 site year was
not significantly (P<0.10) different regardless of soil treatment (Table 3.6).
Site year differences for shoot weight are consistent with previously mentioned
results from shoot length, root weight, and total weight (Table 3.4). These data are also
consistent with Herrin et al. (1986) and lend further support that the degree of soybean
susceptibility may be dictated by the specific soybean cultivar chosen.
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Table 3.6 Least square means and analyses of variance of soybean shoot weight 12 days
after planting, under greenhouse conditions in four soil treatments at Princeton, KY, in
2015 and 2016 site years.
Treatment

Shoot Weight
(g)
Crider 2015
Crider 2016
Zanesville 2016†
Fallow
1.8
2.3 A †
1.6 AB
Barley
1.7
2.0 B
1.4 B
Canola
1.6
2.0 B
1.8 A
Wheat
1.7
1.8 C
1.5 B
p-value
0.5253
0.0241
0.0773
Root MSE
0.2289
0.1785
0.2314
ANOVA
Crider 2015
Crider 2016
Zanesville 2016
Effect
DF F-value P-value DF F-value P-value DF F-value P-value
Rep
5
1.76
0.1812
3
3.29
0.0723
5
0.22
0.9503
Treatment
3
0.78
0.5253
3
5.15
0.0241
3
2.78
0.0773
† Different letters next to mean values within the same column represent significant
treatment differences (t test, P<0.10).

Cold germination (8-10°C) tests offer a measure of seed vigor (Rice, 1960) and
often is better correlated with field emergence (Johnson and Wax, 1978). It is important
to understand how the potential allelopathic compounds effect early seedling growth
and development of soybean when coupled with additional stress (cold temperature).
Under cold chamber conditions, the time to soybean seedling emergence did not
differ (P<0.10) among the soil treatments: barley, canola, fallow, and wheat (Table 3.7).
Soybean emerged between approximately 141 and 150 hours once transferred to the
greenhouse. Total soybean emerged also did not differ (P<0.10) among the soil
treatments (Table 3.7). These data show that the ability of soybean to emerge from soil
was independent of winter annual crop choice, consistent with greenhouse data (Table
3.3). Soil treatments had no effect on the speed at which soybean emerged, the cold
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stress appears to have increased the time required for soybean to emerge relative to
the greenhouse data (Table 3.3).
Table 3.7 Least squares means and analyses of variance for time to emergence
and percent emergence of soybean when produced in soil from various winter
annuals in 2015 under cold chamber conditions after 13 days after planting,
under cold chamber conditions (4°C) followed by 12 days in greenhouse
conditions.
Treatment
Barley
Fallow
Canola
Wheat
p-value
Root MSE

Time to Emergence
(hours)
150
145
142
141
0.8371
3.7997

Percent Emerged
57
76
58
67
0.8880
0.1972
ANOVA

Block*Treatment
Treatment

Time to Emergence
DF F-value P-value
5
3.94
0.0024
3
0.89
0.5823

DF
5
3

Percent Emerged
F-value
P-value
0.4688
0.97
0.8860
0.21

Under cold chamber conditions the production of soybean seedling biomass was
significantly different (P<0.10) among soil core treatments (Table 3.8). Soybean root
length was approximately 9.5 cm for the canola treatment, which was significantly
different (P<0.10) than the wheat or fallow treatments, which produced approximately
13.0 cm and 11.9 long roots, respectively. Soybean root weight was approximately 0.7 g
in the canola treatments which was significantly different (P<0.10) than the wheat and
fallow treatment which resulted in approximately 1.0 g and 0.9 g root weights,
respectively. Total soybean plant weight was approximately 2.1 g from the canola
treatment, which was significantly different (P<0.10) from the wheat and fallow
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treatments, which resulted in total weights of 2.9 g and 2.8 g respectively. No significant
differences (P<0.10) were detected for soybean shoot weight, shoot length, and total
length among the treatments.
Roots were most effected, while soybean shoots did not differ is quite
interesting. These data are not consistent with Hairston et al. (1987) who found that
soybean radicle length was decreased in the presence of wheat stover leachate. A
possible explanation for the divergence is that the allelopathic potential of wheat was
lessened with the addition cold stress.
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Table 3.8 Least squares means and analyses of variance for root and shoot
weight and length of soybean when produced in soil from various winter annuals
in 2015 under cold chamber conditions after 13 days after planting, under cold
chamber conditions (4°C) followed by 12 days in greenhouse conditions.
Treatment

Wheat
Fallow
Barley
Canola
p-value
CV
Standard
Error

Total
length
(cm)
23.1
21.1
20.4
18.8
0.3240
18.79
1.5978

Root
Length
(cm)
13.0 A †
11.9 A
11.2 AB
9.5 B
0.0968
19.86
0.9233

Shoot
Length
(cm)
10.1
9.2
9.2
9.3
0.8093
19.72
0.7603

Total
Weight
(g)
2.9 A
2.8 A
2.6 AB
2.1 B
0.0808
22.27
1.5978

Root
Weight
(g)
1.0 A
0.9 A
0.9 AB
0.7 B
0.0645
24.99
0.8512

Shoot
Weight
(g)
1.9
1.9
1.7
1.4
0.1034
22.17
0.1572

ANOVA
Total Length
Root Length
Effect
DF
F-value
P-value
DF
F-value P-value
Rep
5
1.71
0.1935
5
2.25
0.1023
Treatment
3
1.26
0.3240
3
2.53
0.0968
Shoot Length
Total weight
Rep
5
1.16
0.3722
5
5.69
0.0039
Treatment
3
0.32
0.8093
3
2.73
0.0808
Root Weight
Shoot Weight
Rep
5
4.01
0.0164
5
6.25
0.0025
Treatment
3
2.99
0.0645
3
2.45
0.1034
† Different letters next to mean values within the same column represent significant
treatment differences (t test, P<0.10).

Total soybean seedling emergence was calculated after 13 days for both the
greenhouse and the cold chamber environments in 2015 and 2016, and compared with
the total germination of soybean seeds when subjected to standard germination, cold
germination test, and accelerated aging (Table 3.8). Significant differences (P<0.10)
were found in both 2015 and 2016. In 2015 the standard germination test resulted in
approximately 95% germination, which was significantly greater than the cold test,
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greenhouse, accelerated aging test, and the cold chamber. This finding is not surprising,
as the standard germination test does not predict emergence in the field (TeKrony and
Egli, 1977). As suspected, in 2015, the cold test resulted in significantly fewer (P<0.10)
germinating soybean seed (87%) than found with the standard germination test (95%).
Soybean seedling emergence under greenhouse conditions was significantly less
(P<0.10) than both the standard germination test as well as the cold test in 2015.
Soybean seedling emergence under greenhouse conditions was approximately 80%
which was significantly less (P<0.10) than both the standard germination and the cold
test findings which resulted in approximately 95% and 87% germination. Surprisingly,
emergence under greenhouse conditions was not significantly different (P<0.10) from
the germination rate from the accelerated aging test, which resulted in 79% germinated
seed. Soybean emergence under cold chamber conditions was significantly (P<0.10) less
than all tests performed in 2015. A possible explanation for emergence under
greenhouse conditions not differing from the accelerated aging test could simply be the
difference in tests performed.
Standard germination does not measure vigor, and is often poorly correlated
with field emergence. However, this alone fails to explain the results of the greenhouse
emergence in 2016, which was not different (P<0.10) than results from the standard
germination test. A more reliable explanation would be to consider the environment
that the seed was produced in. High temperature during seed filling has a negative
effect on seed vigor, while germination is much less sensitive (Egli et al., 2005). Egli et al.
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(2005) also concluded that seed lots produced in high temperature environments may
have acceptable levels of standard germination coupled with low vigor levels.
Results from the 2016 analysis were much more concise (Table 3.9). Soybean
germination was approximately 88% from the standard germination test, which was
significantly greater (P<0.10) than the cold test germination and the accelerated aging
germination which were 78% and 80%, respectively. In 2016 the standard germination
results were no different than the greenhouse emergence results.

Table 3.9 Least squares means for total emergence of soybean 13 days after
planting in greenhouse conditions and 13 days after planting in cold chamber
conditions (4°C) followed by 12 days in greenhouse conditions for 2015 and
2016. Least squares means for germination from cold test, accelerated aging,
and standard germination for 2015 and 2016.

Environment

Year
2015
2016
Standard Germination
95 A †
88 A
Cold Test
87 B
78 B
Greenhouse
80 C
88 A
Accelerated Aging
79 C
80 B
Cold Chamber
63 D
- p-value
<0.0001
<0.0013
CV
7.15
5.39
Standard Error
2.3669
1.8379
ANOVA
2015
2016
Effect
DF F-value P-value DF F-value P-value
Environment
4
25.05 <0.0001
3
8.90
0.0013
Rep
5
0.94
0.4765
5
0.60
0.7038
† Different letters next to mean values within the same column represent
significant treatment differences (t test, P<0.10).
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Conclusions
Winter annual crop choice had little effect on early soybean seedling shoot
weight. It was much more common for soybean root length reduction to occur, and the
root length was reduced only if there was a winter annual crop previously grown. The
speed at which soybean emerged under greenhouse conditions was scarcely different
regardless of the winter annual produced previously. The response to the presence of
winter annuals is also influenced by the choice of soybean cultivar as well as specific
environmental conditions.

71

Chapter 4 Characterization of soybean cultivar susceptibility to winter annual
leachate.
Introduction
Prior to the majority of field studies, work was conducted in the laboratory that
proved the presence of water soluble allelochemicals in wheat stover. Guenzi and
McCalla (1962) air dried and ground field collected wheat stover and produced a
leachate with only water. This solution was shown to inhibit the growth of corn, wheat,
and sorghum seedlings when they were germinated in the presence of it. Hairston et al.
(1987) conducted similar work with wheat allelopathy specifically against soybean.
Differing concentrations of wheat leachate were produced with water. Soybean were
germinated in the presence of the leachate inside an incubator. They found that
although germination was not inhibited, radicle length and weight were significantly
influenced. They further observed a biphasic response from the soybean to the leachate
in which the allelopathic potential of the leachate was reduced over time to the point
where it eventually became stimulatory. This finding suggests that the concentration of
potential allelopathic compounds should be of great concern. It further implicates the
importance of stover management in the field.
Oueslati (2003) produced research with two varieties of durum wheat (Karim
and Om rabii). Wheat stems, roots, and leaves were examined individually for their
potential allelopathic capacity. Leachate was produced by soaking the plant tissues in
water for 24 hours. Germination and radicle growth of wheat and barley seeds were
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evaluated. Germination was not inhibited in barley which consistent with (Hairston et
al., 1987) however leaf extract did inhibit germination in wheat. Radicle length of barley
was inhibited by both root and leaf extract however not by leachate from wheat stems.
Leaf extract also had the most inhibitory effect on wheat radicle length.
Bhowmik and Doll (1982) studied the adverse effect weed stover may have on
the development of corn and soybean growth under greenhouse conditions. Weed
stover of nine species were incorporated into a silica sand growing media at four
different concentrations including a zero concentration as a control. They also
investigated the potential impacts that soil texture may have on the allelopathic
capabilities. This is likely the most important aspect of their entire investigation as it
brings into question the significance of field soil. They found that corn height and shoot
fresh weight were both inhibited when grown in the sand, however there was no
difference when field soil was used. These results indicate soil possesses a buffering
characteristic to the detrimental effects of wheat allelopathy.
In 1986 Herrin et al. investigated techniques for screening soybean germplasm to
the allelopathic compounds produced by wheat. They used field soil (Captina silt loam)
that was amended with 20 g of wheat stover per kg of soil. Nine different soybean
cultivars were evaluated for above ground biomass at the V6 growth stage. To
determine the degree of tolerance that differing soybean cultivars maintained plants
were also produced in the same soil without the amendment of wheat stover. Biomass
of plants grown in the presence of wheat stover was then divided by the biomass of
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plants grown without wheat stover. It was found that differences among soybean
cultivars response to the allelopathic compounds from wheat. Tolerance ranged from
62% to 82% among different cultivars. Although this study does show the inherent
ability of differing genotypes to tolerate allelochemicals produced from wheat, their
results were poorly correlated with their finding from the field (r=0.526; 54 df).
In 2016 the winter annual crops matured and were subsequently harvested at
different times. A commercial producer would respond to this by planting double-crop
soybean as soon as they were able, resulting in soybean that followed barley to have a
longer growing season than soybean that followed canola or wheat. This situation would
confound yield results as it would not be possible to separate affects from the winter
annual and the effects from extended time allocated. To mitigate this, double-crop
soybean was planted behind all winter annuals on the same day. This raises the
question; when should winter annual stover be collected? To alleviate this artifact, three
collection times were initiated. The first collection of stover was at barley harvest. The
second collection of stover occurred at the time of canola harvest. The third and final
stover collection time coincided with the planting of double-crop soybean and thus
warranted the collection of barley, canola, and wheat stover.
Little has been documented on soybean cultivar susceptibility to winter annual
crops. The objective of this study was to determine differences in soybean emergence,
seedling weight, and seedling length when produced in the presence of winter annual
leachate.
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Materials and Methods
Winter annual stover samples were collected by hand from each treatment plot
following harvest (Table 4.1) and refrigerated at 4°C until transportation to Lexington,
KY.
Table 4.1 Winter annual stover collection in Princeton, KY, and growth chamber
dates in Lexington, KY. Wheat stover study as well as the full study were carried
out over two days, split by location of field Zanesville location (Z) and Crider
location (C).
Crop

Collection
Date

Barley 6 June 2016
Canola 13 June 2016
Wheat 29 June 2016
Full

Growth Chamber
In

9 June 2016
15 June 2016
5 July 2016 (C)
6 July 2016 (Z)
29 June 2016 5 December
2016 (C)
6 December
2016 (Z)
†Pioneer. Johnston, IA.
‡Monsanto. St. Louis, MO.

Soybean Cultivar

Out
15 June 2016
22 June 2016
12 July 2016 (C)
13 July 2016 (Z)
10 December
2016 (C)
11 December
2016 (Z)

Pioneer† P35T58R
Pioneer P35T58R
Pioneer P35T58R
Pioneer P35T58R
Pioneer 93Y05
Asgrow‡ A4715

Samples were cut into 0.5 cm lengths and homogenized by location and
subjected to aqueous extraction at 25°C for four hours under constant agitation
consistent with Guenzi and McCalla (1962). To determine the appropriate concentration
of leachate, seven g of winter annual stover were extracted in one liter of deionized
water for the barley and canola stover (Nakano et al., 2006). The resulting solution was
subjected to a serial dilution producing three concentration (7 g L-1, 3.5 g L-1, and 1.75-1),
deionized water was used as a control. The wheat stover and the full study both used
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only the seven g L-1 concentration. After the first two extractions the dilution was
abandoned and only the 7 g L-1 solution was used.
Experimental design was a randomized complete block with four replication,
each containing 100 seeds per replication per winter annual leachate. Three sheets of
germination paper (Anchor Paper Co. St. Paul MN) were moistened with 80 ml of
leachate. Soybean seeds were evenly distributed on the top of two moistened sheets
(figure 4.1) and covered with the third. Sheets were creased to inhibit seeds from falling
out, hand rolled, secured with rubber bands on both ends and placed in a germination
box secured again with rubber bands. Each box was placed on end in the germination
chamber for seven days with alternating temperature between 20 and 30°C.

Figure 4.1 Soybean on moistened germination paper (E. Swiggart 2016)
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Figure 4.2 Soybean seedlings to me measured (E. Swiggart 2016).

Upon termination of each experiment, all germinated seeds were evenly
distributed on the lab bench and photographed (figure 4.2). ImageJ (Rasband, 1997)
was used to measure individual soybean seedlings length. A ruler was included with
each picture for proper calibration of the software. Weight of all germinated soybeans
was determined collectively.
Because soybean varieties used in the field trials were different each year, a final
extraction was undertaken including both field varieties (Pioneer 93Y05 and P35T58R),
and a known susceptible cultivar (Asgrow A4715). Results and discussion from this
extraction may be found in the final extraction section on page.
Statistical Analysis
Analyses of variance for soybean seedling weight, length, and germination
percent were analyzed with PROC GLIMMIX (SAS 9.4; SAS Institute Inc. Cary, NC). Least
squares means were separated with an approximate t test with the GLIMMIX procedure.
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Replication was specified as random and concentration of leachate and location were
held as fixed effects. The significance lever was 90% (P=0.10).
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Results and discussion
Preliminary barley stover Extraction
To determine a single concentration of winter annual stover leachate, three
concentrations were initially investigated. Barley stover was used because it was the
first winter annual harvested in 2016 (Table 4.1).
Soybean seedling germination, weight, and length were measured for each of
the three concentrations of barley, wheat, and canola leachate and a DI water control
following seven days in controlled conditions in a growth chamber in 2016. Soybean
germination was reduced (P<0.10) when any concertation of leachate was present
(Table 4.2). Approximately 98 percent germination was obtained when soybean seed
were germinated with DI water control, while germination was reduced to
approximately 96 percent when barley leachate was present, regardless of the
concentration. Guenzi and McCalla (1962) and Oueslati (2003) found that germination
of barley, corn, sorghum, and wheat seeds were reduced when produced in the
presence of leachate from corn, oat, sweetclover, and wheat. These results suggest that
aqueous leachate derived from barley stover, also reduces soybean seed germination.
Differences (P<0.10) in soybean seedling weight and length were not detected
among the different concentrations and DI water control (Table 4.2). It was surprising
that differences were not detected because Hariston et al. (1987) found soybean radical
length and weight to be significantly reduced when produced in the presence of wheat
stover leachate. They further reported that when wheat stover was present at 2 g L-1,
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growth was stimulated beyond that of the control. Guenzi and McCalla (1962) also
reported reductions in corn root growth as well as germination when produced in the
presence of wheat leachate. Lack of differences here, with regards to root growth,
suggest the inhibitory potential of winter annual stover is not consistent across species.
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Table 4.2 Least square means and analyses of variance for Dupont Pioneer P35T58R soybean cultivar seedling germination,
weight, and Length when produced in the presence of barley leachate and a DI water control for barley stover harvested on
6 June 2016 on 15 June 2016.
Concentration
0 g L-1

Germination (%)
98.3 A†
96.3 B
96.3 B
96.4 B
0.0307

Weight (g)
Length (cm)
13.2
8.8
13.1
8.6
1.75 g L
14.0
9.5
3.50 g L
-1
7gL
10.7
8.4
P-value
0.3389
0.4544
ANOVA
Germination (%)
Weight (g)
Length (cm)
Effect
DF F-value P-Value DF F-value P-Value DF F-value P-Value
Treatment
3
3.71
0.0307
3
1.20
0.3389
3
0.91
0.4544
Loc*Concentration
4
0.44
0.7803
4
0.59
0.6733
4
0.41
0.7958
† Different letters next to mean values within the same column represent significant treatment differences (t test, P<0.10).
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Winter annual grain crop stover extractions at harvest maturity
After determining a single concentration of leachate, winter annual stover
samples were extracted immediately following harvest (Table 4.1) of each crop.
Understanding the effect of the winter annual stover on soybean immediately after
winter annual harvest harvest became important because, a producer would plant
double-crop soybean immediately following winter annual harvest.
No differences (P<0.10) were detected for soybean germination, seedling
weight, or seedling length when produced in the presence of wheat leachate (Table 4.3).
These results are surprising because Hairston et al. (1987) reported significant
reductions in soybean radicle weight when produced in leachate derived from wheat
stover. Herrin et al. (1986) also reported significant differences among soybean cultivar
response to allelopathic chemicals from wheat. A potential explanation for the lack of
difference observed here is that the cultivar used by Hairston et al. (1987) was more
susceptible than the soybean cultivar used here (P35T58R). Furthermore, Oueslati
(2003) reported differences depending on the variety of wheat.
Soybean seedling germination and weight were not significantly (P<0.10)
different from the control when produced in the presence of leachate derived from
canola stover (Table 4.3). This is surprising because, Niakan and Mazandrani (2009)
found that soybean germination was reduced when aqueous extracts from canola were
present. However, the lack of differences here are consistent with Hariston et al. (1987)
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who found that germination of soybean was not inhibited when produced in the
presence of wheat leachate.
One potential explanation for the lack of difference documented is that the
canola variety used here did not produce similar levels of allelochemicals. Oueslati
(2003) reported similar findings, noting that differences varied depending on wheat
variety selection. Soybean seedling weight was significantly (P<0.10) increased,
approximately 2 g., when canola stover leachate was present. Hairston et al. (1987)
reported that when wheat leachate was present in very low concentrations, soybean
radicle elongation was greater than the control. When concentrations were increased,
radicle elongation was reduced. A potential explanation for the differences reported
here is that the concentrations were diluted below an inhibitory concentration.
Soybean seedling weight and length were not significantly (P<0.10) different
when produced in the presence of leachate from barley stover (Table 4.3). However,
germination was significantly (P<0.10) reduced by approximately two percent when
barley leachate was present. The lack of differences detected here is surprising, because
Hairston et al. (1987) reported reductions in soybean radicle elongation. A potential
explanation for lack of differences here is that the soybean cultivar used was not as
susceptible as the cultivar used by Oueslati (2003). However, differences observed in
germination percentage are consistent with Guenzi and McCalla (1962) who
documented a reduction in corn germination when wheat leachate was present.
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Table 4.3 Least squares means and analyses of variance for soybean (variety P35T58R) seedling weight, germination, and
length when produced in the presence of barley, canola and wheat leachate derived from winter annual crop stover collected
at the time of winter annual harvest.
Concentration
Wheat
0 g L-1
7 g L-1
Canola
0 g L-1
7 g L-1
Barley
0 g L-1
7 g L-1
P-value

Germination (%)

Winter Annual Crop
Weight (g)

Length (cm)

99.4 A†
98.9 A

46.5 AB
47.9 A

11.0 A
11.0 A

96.3 C
97.4 BC

39.9 C
43.2 BC

8.1 B
10.1 A

98.3 AB
96.4 C
0.0005

12.2 D
8.8 B
10.7 D
8.4 B
<0.0001
0.0005
ANOVA
Germination (%)
Weight (g)
Germination (%)
Effect
DF
F-value
P-value
DF
F-value
P-value
DF
F-value
P-value
Treatment
5
6.19
0.0005
5
122.83
<0.0001
5
6.09
0.0005
loc*Treatment
6
0.99
0.4474
6
1.94
0.1067
6
0.91
0.5040
† Different letters next to mean values within the same column represent significant treatment differences (t test, P<0.10).
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Cultivar susceptibility to winter annual crop leachate
Soybean variety evaluated in field environments was dissimilar across years, it
became important to screen both varieties with the addition of a known susceptible
control, Asgrow A4715 (T. Pfieffer, personal communication, 2016) against winter
annual stover leachate. Winter annual stover from the first series of leachate
extractions was stored at 4°C until use in December 2016 when seed of A4715, P93Y05,
and P35T58R was tested. All laboratory methods remained congruent with the first
series of extractions.
Significant (P<0.10) interactions were detected among soybean cultivars and
winter annual leachate and soybean cultivar and location. Significant (P<0.10)
differences were detected for soybean germination for soybean cultivar 93Y05 only
when winter annual stover originated from the crider location. Soybean germination
when wheat leachate was present was approximately 98 percent, which was
significantly less than when canola or barley leachate was present (Table 4.4). However,
it is important to note that all treatments were not significantly (P<0.10) different from
the control.
Significant (P<0.10) differences were detected for soybean germination for
cultivar A4715 only when the winter annual stover originated from the Zanesville
location (Table 4.4). Soybean germination was approximately 98 and 97 percent when
wheat and barley leachate were present, which was significantly (P<0.10) greater than
the control. These results are in contrast with previous findings by Guenzi and McCalla
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(1962) and Oueslati (2003), who found germination to be reduced in the presence
wheat leachate. However, it is interesting to note that soybean seed germination did
not respond consistently across the three cultivars. These findings suggest that the
degree of susceptibility is inconsistent among different soybean cultivars and is
consistent with previous findings by Herrin et al. (1986).
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Table 4.4 Least squares means and analyses of variance for DuPont Pioneer 93Y05 and P35T58R and Monsanto A4715
soybean seed germination when produced in the presence of wheat, barley, and canola leachate an a DI water control.
Treatment

Wheat
Canola
Barley
Control
P-value

Seed Germination %
93Y05†
98.8 B ¶
99.8 A
99.8 A
99.3 AB
0.0877

Crider
P35T58R†
99.0
98.5
99.5
99.8
0.3674

A4715‡
98.5
98.5
97.5
98.0
0.8266

93Y05
99.0
98.3
98.0
99.3
0.5630

Zanesville
P35T58R
99.3
98.8
98.3
98.3
0.5026

A4715
98.5 A
97.0 AB
97.8 A
95.3 B
0.0425

ANOVA
Crider 93Y05
Zanesville 93Y05
F-Value
P-Value
DF
F-Value
P-Value
3.00
0.0877
3
0.72
0.5630
Crider P35T58R
Zanesville P35T58R
DF
F-Value
P-Value
DF
F-Value
P-Value
Treatment
3
1.22
0.3574
3
0.85
0.5026
Crider A4715
Zanesville A4715
DF
F-Value
P-Value
DF
F-Value
P-Value
Treatment
3
0.30
0.8266
3
4.13
0.0425
† Dupont Pioneer. (Johnston, IA.)
‡ Monsanto. (St. Louis, MO.)
¶ Different letters next to mean values within the same column represent significant treatment differences
(t test, P<0.10).
Effect
Treatment

DF
3

87

Significant (P<0.10) differences were detected for soybean seedling weight for
cultivar P35T58R only when winter annual stover originated from the crider location.
When canola leachate was present, soybean seedlings weighed approximately 43 g
which was significantly (P<0.10) less than barley, and control treatments (Table 4.5).
Significant (P<0.10) differences were detected for soybean seedling weight for
cultivar A4715 when winter annual stover originated from both crider and Zanesville
locations (Table 4.5). When winter annual stover from the crider location was present,
canola leachate treatment produced the greatest seedling weight of approximately 49 g.
Barley winter annual leachate treatment resulted in significantly (P<0.10) less seedling
weight than canola winter annual leachate treatment, but significantly (P<0.10) greater
than both wheat and control treatments. It is quite interesting that the canola leachate
treatment significantly (P<0.10) inhibited seedling weight for soybean cultivar P35T58R,
and significantly (P<0.10) while increasing seedling weight for soybean cultivar A4715.
These results are consistent with Harrin et al. (1986) and suggest that soybean response
to winter annual crop leachate is not consistent among soybean cultivars.
When winter annual stover originated from the Zanesville location barley winter
annual leachate and the control produced soybean seedling weights of approximately
48 and 44 g. which was significantly greater than both wheat and canola treatments. It
is notable that barley leachate treatments significantly (P<0.10) inhibited soybean
cultivar 93Y05 seedling weight, while this treatment was not significantly (P<0.10)
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different from the control for soybean cultivar A4715. These data support previous
findings by Herrin et al. (1986), that soybean susceptibility to winter annual leachate is
not consistent across cultivars.
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Table 4.5 Least squares means and analyses of variance for DuPont Pioneer 93Y05 and P35T58R and Asgrow A4715 soybean
seedling weight when produced in the presence of wheat, barley, and canola leachate an a DI water control.
Treatment

Wheat
Canola
Barley
Control
P-Value

Seedling Weight (g)
93Y05†
51.1
48.9
47.3
51.3
0.1862

Crider
P35T58R†
45.9 A ¶
43.6 B
47.6 A
46.9 A
0.0289

A4715‡
44.4 C
49.0 A
47.9 B
44.4 C
<0.0001

93Y05
50.4 AB
46.6 BC
45.1 C
53.0 A
0.0415
ANOVA

Zanesville
P35T58R
42.6
41.2
42.1
41.9
0.9620

A4715
44.9 B
43.9 B
48.6 A
44.1 B
0.0217

Crider 93Y05
Zanesville 93Y05
Effect
DF
F-Value
P-Value
DF
F-Value
P-Value
Treatment
3
1.99
0.1862
3
4.17
0.0415
Crider P35T58R
Zanesville P35T58R
Treatment
3
4.81
0.0289
3
0.09
0.9620
Crider A4715
Zanesville A4715
Treatment
3
31.27
<0.0001
3
5.35
0.0217
† Dupont Pioneer. (Johnston, IA.)
‡ Monsanto. (St. Louis, MO.)
¶ Different letters next to mean values within the same column represent significant treatment differences
(t test, P<0.10).
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Significant (P<0.10) differences were detected for soybean seedling length for
cultivar 93Y05 only (Table 4.6). When winter annual crop leachate originated from the
crider location, soybean cultivar 93Y05 produced approximately 12 cm long seedlings
from the control treatment which was significantly (P<0.10) longer than when barley
leachate was present. When winter annual stover originated from the Zanesville
location soybean cultivar 93Y05 produced approximately 13 cm long seedlings, which
was significantly (P<0.10) longer than both barley leachate and control treatments.
Barley leachate treatments had the greatest reduction among the treatments
and lend support to previous findings by Hairston et al. (1987). However, it is quite
interesting that no differences were not found for either P35T58R or A4715 soybean
cultivars seedling length. These data support previous findings by Herrin et al. (1986),
that soybean susceptibility to winter annual leachate is not consistent across cultivars. It
is especially surprising no differences were detected for soybean cultivar A4715, the
known susceptible control.
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Table 4.6 Least squares means and analyses of variance for DuPont Pioneer 93Y05 and P35T58R and Asgrow A4715
soybean seedling length when produced in the presence of wheat, barley, and canola leachate an a DI water control.
Treatment

Wheat
Canola
Barley
Control
P-Value

Seedling length (cm)
93Y05†
12.3 A ¶
11.5 BC
11.0 C
11.9 AB
0.0078

Crider
P35T58R†
11.2
10.5
10.5
10.5
0.2946

A4715‡
10.3
10.4
9.9
10.2
0.5409
ANOVA

Zanesville
93Y05
P35T58R
12.9 A
10.1
12.5 AB
10.4
11.0 C
10.0
11.8 BC
11.2
0.0198
0.6089

A4715
10.4
10.3
11.1
10.4
0.2622

Crider 93Y05
Zanesville 93Y05
F-Value
P-Value
DF
F-Value P-Value
7.57
0.0078
3
5.53
0.0198
Crider P35T58R
Zanesville P35T58R
DF
F-Value
P-Value
DF
F-Value P-Value
Treatment
3
1.44
0.2946
3
0.64
0.6089
Crider A4715
Zanesville A4715
DF
F-Value
P-Value
DF
F-Value P-Value
Treatment
3
0.77
0.5409
3
1.58
0.2622
† Dupont Pioneer. (Johnston, IA.)
‡ Monsanto. (St. Louis, MO.)
¶ Different letters next to mean values within the same column represent significant treatment differences
(t test, P<0.10).
Effect
Treatment

DF
3
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Winter annual stover degradation
Approximately six months time elapsed between the first series of laboratory
leachate extractions with cultivar P35T58R and the final leachate extractions with all
three cultivars: P35T58R, 93Y05, and A4715. The question of whether or not any
potential allelopathic compounds found in winter annual stover may have degraded
during storage was of concern. To answer this question, soybean seed germination,
seedling length, and seedling weight from the time of harvest assays was compared with
assays undertaken in December. DuPont Pioneer soybean cultivar P35T58R was the only
cultivar present in all assays, thus it was the only cultivar investigated here. A control
was included during the three winter annual harvest extractions, as well as the
December extractions. Control treatments are thus denoted with the winter annual crop
that was evaluated. December control treatment is denoted by the month (Table 4.7).
Significant treatment by location interactions was detected, thus all analyses
were run by location. Soybean seed germination in barley and canola winter annual crop
stover leachate treatments from the crider location, at time of harvest (June) both
resulted in significantly (P<0.10) less germination percent than the same treatments
during the December extractions (Table 4.7). Barley winter annual crop stover from the
Zanesville location, at time of harvest (June) extractions also resulted in significantly
(P<0.10) less soybean seed germination than resulted from the December extractions.
These data indicate that the potential for barley and canola winter annual crop
leachate to inhibit germination of soybean was reduced during storage time. It is
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interesting to notice that soybean seed germination in the presence of wheat winter
annual stover during time of harvest extractions was not significantly (P<0.10) different
than extractions undertaken in December. According to this finding, leachate from
wheat stover does not appear to have degraded.
Table 4.7 Least squares means and analyses of variance for DuPont Pioneer
cultivar 93Y05 soybean seed germination when produced in the presence of
wheat, barley, and canola leachate an a DI water control, at time of harvest and
again after storage in December 2016.
Treatment

Soybean seed germination (%)
Crider
Zanesville
Control (Dec.)
99.8 A†
98.3 AB
Wheat Control (July)
99.5 A
99.8 A
Barley (Dec.)
99.5 A
98.3 AB
Wheat (July)
99.3 A
98.0 B
Wheat (Dec.)
99.0 A
99.3 AB
Barley Control (June)
98.5 A
98.0 B
Canola (Dec.)
98.5 A
98.8 AB
Barley (June)
97.0 B
95.8 C
Canola (June)
96.8 B
98.0 B
Canola Control (June)
96.3 B
96.3 C
P-Value
0.0010
0.0130
ANOVA
Crider
Zanesville
Effect
DF F-value P-value DF F-value P-value
Treatment
9
4.54
0.0010
9
3.00
0.0130
† Different letters next to mean values within the same column represent
significant treatment differences (t test, P<0.10).

Barley winter annual leachate treatments at time of harvest (June) from both
crider and zanesville locations resulted in significantly (P<0.10) less soybean seedling
weight than the December extractions. However, this is because the measurement
procedure was changed after the initial barley winter annual stover extraction. Soybean
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cotyledons were removed prior to being weighed during the first extraction. This
practice was abandoned thereafter, thus the recorded weights are significantly less than
all other treatments.
Both wheat and canola winter annual stover leachate treatments during the
December extractions from both crider and zanesville locations were not significantly
(P<0.10) different from previous extractions undertaken in June and July. While it may
be impossible to know if the barley winter annual stover degraded due to the change in
methods, these data indicate that both wheat and canola winter annual stover appear
to remain consistent through six months of storage.
Table 4.8 Least squares means and analyses of variance for DuPont Pioneer
93Y05 soybean seedling weight when produced in the presence of wheat, barley,
and canola leachate an a DI water control, at time of harvest and again in
December 2016.
Treatment
Wheat Control (July)
Barley (Dec.)
Control (Dec.)
Wheat (Dec.)
Canola (Dec.)
Wheat (July)
Canola (June)
Canola control (June)
Barley Control (June)
Barley (June)
P-Value

Soybean seedling weight (g)
Crider
49.6 A †
47.6 AB
46.9 AB
45.9 AB
43.6 BC
43.5 BC
40.8 CD
38.7 D
15.5 E
11.1 F
<0.0001

Zanesville
50.2 A
42.1 B
41.9 B
42.6 B
41.2 B
45.6 AB
45.6 AB
41.1 B
10.8 C
10.2 C
<0.0001

ANOVA
Crider
Zanesville
Effect
DF F-value P-value DF
F-value
P-value
9
55.63
<0.0001 9
53.42
<0.0001
† Different letters next to mean values within the same column represent significant
treatment differences (t test, P<0.10).
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Differences were not detected between extractions carried out at time of
harvest and extractions carried out in December for soybean seedling length when
produced in the presence of winter annual crop leachate when the stover originated
from the crider location (Table 4.9). However, significant (P<0.10) differences were
detected when the winter annual crop stover originated from the zanesville location.
Barley winter annual leachate extractions at time of harvest resulted in significantly
shorter soybean seedling lengths than the same treatment carried out in December. No
differences were found between time of harvest leachate extractions and the December
extractions for both wheat and canola winter annual treatments.
Table 4.9 Least squares means and analyses of variance for DuPont Pioneer
93Y05 soybean seedling length when produced in the presence of wheat, barley,
and canola leachate an a DI water control, at time of harvest and again in
December 2016.
Treatment
Wheat (July)
Wheat (Dec.)
Canola (June)
Control (Dec.)
Barley (Dec.)
Wheat Control (July)
Canola (Dec.)
Barley Control (June)
Barley (June)
Canola Cantrol (June)
P-Value

Soybean seedling length (cm)
Crider
11.5
11.2
10.6
10.5
10.5
10.5
10.5
9.6
8.9
8.6
0.1281

Zanesville
10.3 AB †
10.3 AB
9.6 BC
10.4 AB
10.0 AB
11.8 A
11.2 AB
7.9 CD
7.9 CD
7.5 D
0.0059
ANOVA

Crider
Zanesville
Effect
DF F-value
P-value
DF
F-value
P-value
9
1.74
0.1281
9
3.46
0.0059
† Different letters next to mean values within the same column represent significant
treatment differences (t test, P<0.10).
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Significant differences (P<0.10) were not found between time of harvest
leachate extractions and the December extractions for wheat winter annual crop stover
leachate treatments. Significant differences (P<0.10) between soybean germination at
the time of harvest extraction and the December extraction were found for canola
winter annual leachate treatments. However, no differences (P<0.10) were detected for
soybean seedling weight or length between the time of harvest extraction and the
December extraction when the treatment was canola leachate. The only winter annual
crop leachate where significant (P<0.10) differences were detected between time of
harvest leachate extractions and the December extractions was the barley treatment.
However, this may be misleading as the change in methods for weight created and an
artifact in the data.
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Conclusions
These data indicate that winter annual crop leachate derived from barley, wheat
and control has the ability to impact soybean germination, seedling weight, and seedling
length of varieties P93Y05, P35T58R, and A4715. These data also indicate that winter
annual crop leachate does not affect soybean varieties equally nor consistently.
Although there was slight degradation of the winter annual stover during storage,
significant (P<0.10) differences were nevertheless detected and therefore it is
reasonable to conclude that the degree of susceptibility is different depending on
soybean cultivar.
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Chapter 5 Overall conclusions
Winter annual crop effect on double-crop soybean production was evaluated by:
(1) Double-crop soybean productivity was evaluated in field environments when
preceded by four winter annual treatments; (2) early soybean growth was determined
in both greenhouse and cold chamber environments; and (3) Soybean cultivar
susceptibility to winter annual crop leachate was characterized in a laboratory.
According to the results of the field evaluations, double-crop soybean yield is
unresponsive to the preceding crop. Lack of differences detected may be due to: (1)
high amounts of precipitation may have diluted the potential allelopathic compounds
below an inhibitory concentration; and (2) Cultivar of soybean examined in the field may
have possessed a higher tolerance to the potential allelopathy from the preceding crop.
However, when soybean growth was evaluated in greenhouse and cold chamber
environments, differences in soybean root weight and length were found for barley,
canola, and wheat treatments. Laboratory experiments also demonstrated that all
winter annual crop leachate treatments examined had the potential to reduce soybean
germination, seedling weight, and seedling length. Soybean cultivars also, did not
respond consistently across treatments, suggesting that the degree of susceptibility may
be dependent on cultivar choice.
When examined in highly controlled laboratory conditions, winter annual crop
treatments showed the greatest reduction in soybean development. However, when
examined in highly diverse field ecosystems, winter annual crop treatments did not
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reduce overall grain yield. These data indicate that although the potential for winter
annual grain crops to impact soybean growth is present, it posses vary little threat to
the field production of double-crop soybean.
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Appendix
SAS code for analyses of variance in Chapter 2.

GRAIN YIELD
proc glimmix data=DCyield;
class rep trt siteyear;
model adjBuA = trt siteyear trt*siteyear;
random rep(siteyear);
lsmeans trt / pdiff lines alpha=0.1;
run;
Quit;
Soil Nitrate (NO3)
proc glimmix data=SoilNO3;
class Location Treatment;
model NO3 = location treatment treatment*Location;
random rep(location);
lsmeans treatment / pdiff lines alpha=0.1;
run;
Quit;

SAS code for analyses of variance in Chapter 3.

Soybean emergence(%)
proc glm data = years2 plots=all;
class yr location block trt;
model percent = SiteYear block(SiteYear) trt yr*trt SiteYear*trt/ ss1;
test h = SiteYear e = block(SiteYear)/ htype = 1 etype = 1;
lsmeans trt /stderr lines alpha=0.1;
run;
quit;
Soybean time to emergence
proc glm data = tteyears2 plots=all;
class SiteYear block trt;
model tte = SiteYear block(SiteYear) trt SiteYear*trt/ ss1;
test h = yr e = block(yr)/ htype = 1 etype = 1;
lsmeans trt / stderr lines alpha=0.1;
run;
quit;
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Soybean Biomass
proc glm data = BioMass;
class rep treatment SiteYear;
model RootLength ShootLength TotalLength RootWeight ShootWeight
TotalWeight = SiteYear rep(SiteYear) treatment treatment*SiteYear/
ss1;
test h = SiteYear e = rep(SiteYear);
lsmeans treatment / pdiff stderr lines alpha=0.1;
run;
quit;

SAS code for analyses of variance in Chapter 4.

Preliminary winter annual stover leachate extraction
proc glimmix data=PreliminaryLeachate;
class rep concentration loc;
model _Germ = concentration loc*concentration;
random rep(loc);
lsmeans concentration / pdiff lines alpha=0.1;
run;
Quit;
proc glimmix data=PreliminaryLeachate;
class rep concentration loc;
model wt_g_ = concentration loc*concentration;
random rep(loc);
lsmeans concentration / pdiff lines alpha=0.1;
run;
Quit;
proc glimmix data=PreliminaryLeachate;
class rep concentration loc;
model length = concentration loc*concentration;
random rep(loc);
lsmeans concentration / pdiff lines alpha=0.1;
run;
Quit;
Winter annual grain crop stover extractions at harvest maturity
proc glimmix data=TimeOfHarvest;
class rep Treatment loc;
model _Germ = Treatment loc* Treatment;
random rep(loc);
lsmeans Treatment / pdiff lines alpha=0.1;
run;
Quit;
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proc glimmix data=TimeOfHarvest;
class rep Treatment loc;
model wt = Treatment loc*Treatment;
random rep(loc);
lsmeans Treatment / pdiff lines alpha=0.1;
run;
Quit;
proc glimmix data=TimeOfHarvest;
class rep Treatment loc;
model length = Treatment loc*Treatment;
random rep(loc);
lsmeans Treatment/ pdiff lines alpha=0.1;
run;
Quit;

Winter annual grain crop stover extractions with multiple cultivars

Proc sort data=cultivar; by var loc;
proc glimmix data=Cultivar; by var loc;
class rep Treatment;
model _Germ = Treatment;
random rep;
lsmeans Treatment/ pdiff lines alpha=0.1;
run;
Quit;
Proc sort data=cultivar; by var loc;
proc glimmix data=Cultivar; by var loc;
class rep Treatment;
model wt = Treatment;
random rep;
lsmeans Treatment / pdiff lines alpha=0.1;
run;
Quit;
Proc sort data=cultivar; by var loc;
proc glimmix data=Cultivar; by var loc;
class rep Treatment;
model length = Treatment;
random rep;
lsmeans Treatment / pdiff lines alpha=0.1;
run;
Quit;
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Winter annual grain crop stover degradation

proc sort data=StoverDegradation; by loc;
proc glimmix data=StoverDegradation; by loc;
class Rep Treatment;
model _Germ= Treatment;
random rep;
lsmeans Treatment / pdiff lines alpha=0.1;
run;
quit;
proc sort data=StoverDegradation; by loc;
proc glimmix data=StoverDegradation; by loc;
class Rep Treatment;
model wt= Treatment;
random rep;
lsmeans Treatment / pdiff lines alpha=0.1;
run;
quit;
proc sort data=StoverDegradation; by loc;
proc glimmix data=StoverDegradation; by loc;
class Rep Treatment;
model length= Treatment;
random rep;
lsmeans Treatment / pdiff lines alpha=0.1;
run;
quit;
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